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Preface
This thesis is an account of work carried out at the Institute for Gravitational Research
(IGR) at the University of Glasgow from October 2014 to March 2018. It is an account of
work done by the author, except where explicit references are made to the contributions of
others.
The aim of this thesis is to develop and characterise the properties of hydroxide cataly-
sis bonds and indium bonds between oxides or oxidisable materials for implementation in
constructing the mirror suspensions of future ground-based gravitational wave detector
designs. The work in this thesis was carried out with the supervision of Prof. Jim Hough,
Prof. Sheila Rowan, and Dr. Marielle van Veggel.
In Chapter 1 an overview of gravitational wave (GW) sources, detectors, and the detections
that have been made to date is given, to put the research into GW detector development in
context.
In Chapter 2 dierent bonding techniques are explained, especially those that could be
considered for use in the suspensions of GW detectors. Information on the advantages and
disadvantages to each approach in the context of GW detectors is also summarised.
In Chapter 3 the relationship between the tensile strength of hydroxide catalysis bonded
c-plane sapphire substrates and their curing time is studied. Bonds were made and strength
tested by the author following the training and supervision of Dr. Marielle van Veggel. The
characterisation of the sapphire substrates prior to bonding was carried out by the author
with advice from Dr. Liam Cunningham. Mr. John Davidson assisted the author during
strength testing.
The tensile strength measurements of the bonds reported in this study were made by the
author and compared with past tensile strength results of bonded sapphire, measured by
Dr. Douglas, a PhD student at the time, and with fused silica results from other IGR mem-
bers collected between 2009 and 2014.
In Chapter 4 the eect of crystal orientation on the tensile strength of hydroxide catalysis
bonded sapphire is studied. The author bonded a-a and m-m plane sapphire samples of the
same geometry and using the same bonding procedures as the c-c plane bonds presented in
Chapter 3. The author let the samples cure at room temperature for 4 weeks and strength
tested them. The breaking stress results of the strength test were then compared to the
breaking stress results of the 4 week old c-c plane bonds in the previous chapter. Mr. John
Davidson assisted the author during strength testing.
In Chapter 5 a technique to measure non-destructively the Young’s modulus of hydroxide
catalysis bonds between silica and sapphire substrates is developed. This was achieved by
sending ultrasonic pulses through bonded samples, and characterising the reections from
the bond interfaces. The Young’s modulus of the bonds was extracted by analysing the
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amplitude of the pulses that were reected from the embedded bond layers. A Bayesian
analysis of the bonded fused silica data was also completed, and the results of both ap-
proaches was compared.
The ultrasonic measurements in this experiment were carried out by the author at the In-
stitute of Thin Films, Sensors, and Imaging, University of the West of Scotland with the
help of Dr. David Hughes.
The derivation of the mathematical equations necessary to model the phase and amplitude
of an acoustic pulse reected from a thin embedded hydroxide catalysis bond was carried
out by the author with guidance from Prof. Jim Hough. Dr. Chris Messenger led the devel-
opment of a Bayesian analysis model used by the author to analyse the bonded fused silica
data from this chapter.
The author prepared the samples for SEM measurements of the bond thickness with the
guidance of Dr. Marielle van Veggel; cutting, polishing, and coating the bonded samples
with gold. Dr. Jamie Scott led the SEM measurements, assisted by the author and Dr.
Marielle van Veggel. A TEM sample with known layers made by Mr. Martin Hart was used
as a calibration sample by the author, Dr. Jamie Scott and Dr. Marielle van Veggel.
In Chapter 6 the thermal noise of bonded test masses is modelled using the new bond
Young’s modulus value that was gained in the previous chapter. The FE modelling was
done by the author in collaboration with Dr. Cunningham and Dr. Haughian. The author
used FE modelling in ANSYS to investigate the mechanical loss of a fused silica cylinder
with an o-centre bond using a model previously developed by Dr. Haughian. The author
also used FE modelling in ANSYS to investigate the strain energy stored in hydroxide catal-
ysis bonds on a realistic test mass, using models based on models previously developed by
Dr. Liam Cunningham. A new ear geometry was proposed for the upgrade to aLIGO, A+.
Its geometry was designed by Dr. Cunningham with input from Dr. Marielle van Veggel,
Prof. Jim Hough, Prof. Sheila Rowan, Prof. Hammond, and the author. Dr. Liam Cunning-
ham used this prototype ear design to model the thermal noise of a A+ prototype test mass,
with input from the author.
In Chapter 7 a number of possible approaches to develop indium bonding procedures for
use in cryogenic GW detectors are investigated. The author developed two promising ap-
proaches, and all sample preparation, indium bonding, and strength testing of the bonds
were conducted by the author. Mr. John Davidson assisted the author during strength
testing. The crystal structures of two indium coated samples prepared by the author were
measured at the University of the West of Scotland by Prof. Stuart Reid and Mr. Sean Mac-
foy. Mr. Jan-Simon Hennig assisted the author in constructing the compression jig for the
IGR induction heater.
Additionally, the work carried out by the author at the ICRR in Tokyo as a part of the EliTEs
exchange was under the supervision of Dr. Kieran Craig and Dr. Kazuhiro Yamamoto.
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Summary
In 2015, a gravitational wave (GW) signal from a binary black hole merger passed through
the arms of the US-based Advanced LIGO (aLIGO) interferometers, resulting in the rst
direct detection of gravitational waves. This long-awaited observation made worldwide
news one hundred years after Einstein rst predicted the existence of GWs in 1916. Since
the rst detection, four more binary black hole inspiral events have been detected, as well
as the ground-breaking GW observation of a binary neutron star inspiral. To detect these
signals, ground-based GW detectors like aLIGO and the French-Italian detector, Advanced
Virgo, need to be sensitive to changes in separation of close to 10−19 m between freely sus-
pended test masses spaced up to 4 km apart. This has always been a challenge to achieve,
thus 50 years of technological developments were needed to make these rst detections
possible.
Following the rst observations of coalescing black holes and neutron stars, it is essen-
tial to pursue technological advancements that improve the sensitivities of ground-based
detectors. Doing so will increase the signal-to-noise ratio of future detectors, which will
allow for the better extraction of astrophysical source parameters. Observing more types
of astrophysical sources, and at greater distances from the Earth will further the eld of
GW astronomy. One such area of advancement is to pair the operation of detectors at cryo-
genic temperatures with improvements in mirror and suspension design, with the aim of
improving sensitivities by lessening the eects of thermal noise. Fused silica, currently
used for the mirror substrates and suspension bre elements in all detectors that operate
at room temperature, cannot be used in detectors that operate at cryogenic temperatures
due to its unfavourable thermo-mechanical properties. Thus a change of mirror substrate
and suspension material is necessary for the construction of cryogenic detectors. There are
two promising candidates for cryogenic mirrors and suspension elements, sapphire and
silicon. Currently one cryogenic detector, the Japan-based KAGRA observatory, is under
construction using sapphire as a material for its mirrors and some suspension elements.
Other future detectors currently in the design phase, such as the Einstein Telescope (ET)
in Europe and Voyager, in the USA may use silicon or sapphire material in their mirror
suspensions.
In all ground-based detectors the test masses are supported in multi-stage pendulum sus-
pensions, where the last stages are quasi-monolithic. In the quasi-monolithic stage, the test
masses are suspended from penultimate masses via bres, welded to an interface piece, or
"ear". Currently these ears are connected to the test masses using a method called hydroxide
catalysis bonding, which creates a strong, low noise joint. This bonding technique has been
used successfully in room temperature detectors for 17 years. This thesis details research
into hydroxide catalysis bonding, with a focus on its use to create cryogenic crystalline
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suspensions for future ground-based detectors. The use of indium as an alternative bond-
ing technology for joints in low temperature crystalline suspensions is also investigated.
The aim of this study is to research possible ways to implement indium bonding into sus-
pension design along with hydroxide catalysis bonds to create a more versatile and easily
repairable system. This work was completed with the aim of investigating novel ways of
implementing bond techniques into GW detectors, and studying their material properties.
The breaking stress and stability of dierent bond technologies were investigated, as well
as their thermal noise levels and impact on overall detector sensitivity. The majority of sub-
strate materials used in this thesis were sapphire and silicon, as these are the two materials
of choice for use in future cryogenic detectors. Measurements of the Young’s modulus of
hydroxide catalysis bonds between fused silica were also completed and used to model the
thermal noise contribution of bonds in a prototype test mass for the possible room temper-
ature upgrade to aLIGO, A+.
In Chapter 1 an overview of the eld of gravitational wave research is given. An explana-
tion of GW sources and a history of the dierent types of ground-based GW detectors are
summarised here, with a focus on Michelson-type interferometric detectors, used to make
the rst direct GW detections. The noise sources that aect the sensitivity of interferomet-
ric detectors are also reviewed.
In Chapter 2 there is a summary of several dierent bonding techniques that could be con-
sidered for making joints between the test masses and suspension elements of GW detec-
tors. The mechanisms of bond formation as well as the advantages and disadvantages to
each approach are covered, especially in the context of the requirements for use in a GW
detector. Finally hydroxide catalysis and indium bonding are introduced as possible tech-
niques to join the suspension and mirror elements in GW detectors.
In Chapter 3 the breaking stresses of hydroxide catalysis bonds between c-plane sapphire
substrates as a function of time is studied. The aim of this experiment is twofold. The break-
ing stress of bonds that have been allowed to cure for shorter lengths of time is investigated
to gain insight into the chemical processes of the bonds as they develop. Additionally, it is
crucial to know the breaking stress over longer periods of curing time to be assured that
they will not fail in the long term. In fact, this study found that hydroxide catalysis bonded
sapphire shows an initial drop in breaking stress, which then levelled o at 15-16 MPa.
These results agree with similar trends found in shorter curing time tests on sapphire and
fused silica completed in the past.
In Chapter 4 the eect of crystal orientation on the tensile strength of hydroxide catalysis
bonded sapphire is investigated. Specically, the breaking stress of bonds between a-a and
m-m planes of sapphire jointed with hydroxide catalysis bonds is studied, using samples of
the same geometry and jointed using the same bonding procedures as those presented in
Chapter 3. These samples were allowed to cure at room temperature for 4 weeks, then the
xxvii
samples were strength tested. The breaking stresses were recorded and compared with the
breaking stress results of c-c plane sapphire, also cured for 4 weeks at room temperature,
reported in the previous chapter.
In Chapter 5 a non-destructive technique of measuring the Young’s modulus of hydrox-
ide catalysis bonds between silica and between sapphire is developed. This approach uses
acoustic pulses from an ultrasonic transducer transmitted through the bonded samples,
and the portion of the acoustic wave that is reected back from the embedded bond layer is
recorded and studied. The bond Young’s modulus was extracted from the data by analysis of
the amplitudes of the acoustic pulses reected from the bonds. A Young’s modulus value of
15.3±5.2GPa for hydroxide catalysis bonded sapphire and 21.5±6.6GPa for bonded fused
silica was found with this approach. A Bayesian analysis model of the reected acoustic
signal and the underlying noise background was developed to analyse the low SNR signals
of bonds between fused silica. A value of 18.5±2.02.3 GPa, with a 90% condence range was
found with this approach, agreeing well with the results from the pulse amplitude analysis.
In Chapter 6 the new Young’s modulus value found in Chapter 5 is used to assess the me-
chanical loss and thermal noise budgets of hydroxide catalysis bonds in dierent mirror
suspension geometries. Two room temperature test masses were modelled; a bonded aLIGO
mass and a bonded prototype test mass, of a design suitable for use in A+. Three dierent
cryogenic masses were also modelled; rst a sapphire KAGRA mass, followed by a proto-
type sapphire ET mass, and a prototype silicon ET mass. The thermal noise budgets of the
bonds in all of these cases were found to be below the anticipated technical noise require-
ment for bonds, which is based on each detector’s current design sensitivity curves. This
indicates that hydroxide catalysis bonds are suitable for use in current detectors and for the
design of future ones.
In Chapter 7 dierent approaches to creating indium bonding procedures for use in cryo-
genic ground-based detectors are studied. Hybrid suspension designs that utilize both in-
dium and hydroxide catalysis bonding are being considered in cryogenic detector designs
such as KAGRA or ET. It is proposed that the hydroxide catalysis bonds would be used to
x the test masses to the suspension elements. This takes advantage of their high breaking
stress under shear and peeling, as has been successfully demonstrated in the past for room
temperature detectors such as Virgo, aLIGO, or the Germany-based detector GEO600. In-
dium’s low tensile strength means it cannot be used as a joint under tensile or shear load.
However it is being considered for use in compressive joints, such as between the bres and
ears or between the bres and blade springs. This would be done for contingency reasons,
since indium can be de-bonded and re-bonded relatively easily, whereas hydroxide catalysis
bonds cannot. In the event of a bre break or a test mass upgrade, the whole bonded test
mass assembly could be removed by de-bonding the indium bond interface. It could then be
replaced by re-bonding it, making it a good option for future cryogenic mirror suspensions.
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Two indium bonding approaches are investigated, diusion bonding and induction bond-
ing. In both cases the substrates used were polished silicon, and the indium layers between
them were made with dierent combinations of thin thermally deposited lms and foils.
The tensile strength and a post-break visual inspection of the indium bonds were used as a
standard by which to judge bond quality and repeatability.
Chapter 1
The beginnings of gravitational wave
astronomy
1.1 Introduction to gravitational waves
The existence of gravitational waves (GW) was rst predicted by Einstein in 1916, indicated
by the existence of wave solutions to the eld equations in his General Theory of Relativity
[1]. Since they were rst predicted, the eects of GWs were observed by Hulse and Tay-
lor [2]. They made very accurate measurements of the evolution of the orbit of the binary
pulsar system PSRB1913+16, showing that the system was losing orbital energy consistent
with the emission of GW radiation. While these results were groundbreaking, they weren’t
yet a direct observation of GWs.
In the 1960’s, scientists began developing instruments aimed at the direct detection of GWs,
with systems such as resonant bar detectors. These systems were composed of massive alu-
minium cylinders designed to detect passing GWs as a vibration at the resonant frequency
of the bar [3]. Due to the noise limitations and narrow frequency range of the bar detectors,
most GW detector approaches starting in the 1970’s involved the use of Michelson-type
laser interferometers instead of bar detectors. The rst interferometric detectors were built
around the world beginning in the early 1990s, with the initial LIGO detectors in the USA,
initial Virgo in Italy, GEO600 in Germany and TAMA in Japan [4–7]. Since then, general
improvements to interferometer design have led to advanced ground-based detectors with
increasingly higher sensitivities, such as the advanced LIGO (aLIGO) and advanced Virgo
detectors [8, 9].
Finally, in 2015, a gravitational wave signal from a binary black hole merger passed through
the arms of the aLIGO interferometers, resulting in the rst ever direct detection of grav-
itational waves [10]. This long-awaited detection made the news worldwide one hundred
years after Einstein rst predicted the existence of GWs in 1916 [1], and resulted in the 2017
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Nobel Prize in Physics being awarded to three key members of the LIGO Scientic Collab-
oration; Kip Thorne, Rai Weiss and Barry Barish. Since that rst detection there have been
four more binary black hole inspiral events detected, most recently in August 2017 when
the two aLIGO detectors were joined by the advanced Virgo detector in Italy, greatly en-
hancing the sky localisation of the GW events [11–14].
Only three days after the three detectors observed a binary black hole inspiral in August
2017, the GW signals from a binary neutron star inspiral were detected [15], launching the
beginnings of multi-messenger GW astronomy. In two years the GW community has not
only conrmed the existence of GWs, but has opened a new window onto our universe and
gained previously unattainable knowledge of astrophysical sources. A new era of gravita-
tional wave astronomy has begun.
1.2 Gravitational wave radiation
According to the laws of mass conservation, monopolar GW radiation is not possible. Dipo-
lar radiation is possible in systems where there exists two possible signs, such as positive
and negative charges in the case of electromagnetism. In the case of gravitation, there is
only positive mass. Therefore dipolar radiation of GWs is also not possible, as it would
violate the law of conservation of momentum. Thus the lowest order of GWs that is phys-
ically possible is quadrupole radiation, produced by the asymmetric acceleration of mass
[16]. For quadrupolar radiation there are two possible orthogonal wave polarisations at 45°
h+
hx
L L-  L L+  L
Figure 1.1: Strain eect of a GW propagating normal to the plane of paper acting on a ring of
particles. The ring is squeezed in one direction and stretched in the orthogonal direction by Δ퐿.
This schematic shows both possible GW polarisations, ℎ+ and ℎ푥.
to each other, of amplitude ℎ+ and ℎ푥. These waves propagate as distortions in space-time
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which can be measured as uctuating strains in space. A visual representation of the strain
eect of GWs of both polarisations, ℎ+ and ℎ푥, as they pass through a ring of particles can
be found in Figure 1.1.
Gravitational waves can be thought of as ripples in the curvature of space-time that travel
at the speed of light [17]. Such ripples propagating normal to the plane of this page would
cause a change in the separation, Δ퐿, between two adjacent masses with an initial separa-
tion L. If a GW with amplitude h and optimal polarization is incident on these two masses,
it would produce the following strain relationship [16].
h = 2 ⋅ ΔL∕L (1.1)
All interferometric ground based detectors operate by measuring this strain in some way.
However, as the gravitational constant is so small, the eect that GWs have on matter is
very weak. Even the most energetic events in the universe such as the coalescence of two
massive black holes produce relatively low strain amplitudes as they pass through the Earth,
of order ℎ ≈ 10−20 or lower[10]. Thus attempts to observe them have taken many years of
technological advancements to produce detectors with the necessary sensitivities.
1.3 Sources of gravitational waves
GW radiation spans a wide range of frequencies, with dierent sources emitting signals
in dierent frequency bands, shown in Figure 1.2. Ground-based detectors aim to operate
in the frequency band of 10-7000 Hz [16], to detect signals from sources such as merging
neutron star binaries and stellar mass black holes. Other types of detectors are proposed
to operate in dierent frequency bands, such as LISA, a space-based detector designed to
detect lower frequency sources such as super massive binary black hole systems [18].
In general, sources of GWs can be categorised into dierent types depending on their signal
type. Transient, continuous, and stochastic sources are explained here.
1.3.1 Transient sources
Transient sources emit short duration and highly intense GW signals. These signals may
result from violent astronomical events such as supernovae and coalescing compact binary
systems, which are discussed in this section.
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Figure 1.2: Spectrum of GW sources and types of detectors (credit:NASA).
Supernovae
Massive stars gradually build up heavier and heavier elements in layers around their core
during their lifetime, with lighter elements in the outer shells and denser ones at the cen-
tre. Once the star’s dense core exceeds ≈ 1.4M⊙ (1.4 solar masses), the star will experience
runaway internal nuclear reactions and experience core collapse. This is dened as the
Chandrasekhar limit. During collapse, the lighter outer shells of the star bounce o the
denser core, and at this point the implosion turns into a massive explosion [19]. This phe-
nomenon has long been studied by astronomers, as in its nal death-throes a star can emit
brightly and suddenly in the electromagnetic spectrum. In fact "new star" is where the
name supernovae is derived from.
In the case of an asymmetric core collapse, the massive amount of energy of the explosive
supernovae is not all released as electromagnetic radiation. In this case some of it can be
released in the form of gravitational radiation. Such events are expected to be rare how-
ever. If Earth was 10 kpc away from a star that went supernova then the strain seen at Earth
would be somewhere in the range of ℎ ≈ 10−21 [20].
Compact binary systems
After going supernova, the cores of these massive stars are predicted to form either black
holes or neutron stars, depending on the initial starting mass of the star. When a star is
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between ≈ 10M⊙ and ≈ 29M⊙, the core will then collapse to form a new and extremely
dense star. These objects have been compressed so much during collapse that while their
radii measure in the tens of kilometres, their mass can exceed twice that of our Sun. These
stars approach the density of atomic nuclei and some models suggest they are mostly com-
prised of neutrons. Thus they are called neutron stars [19].
Similarly, if a star is initially ≳ 29M⊙ in total mass, it is expected to form a black hole after
the collapse of its core.
The strain signal from the collapse of a compact binary system can be written as [21]
ℎ ≈ 1 × 10−23
(
푚푡표푡
푀⊙
)2∕3(
휇
푀⊙
)(
푓
100Hz
)2∕3(
100Mpc
푟
)
(1.2)
where the total mass of the system is 푚푡표푡 = 푚1 + 푚2, and the reduced mass is 휇 =
푚1푚2
푚1+푚2
.
The distance from the Earth to the source is 푟 and the frequency of the gravitational radi-
ation emitted from the system is 푓 . The exact amplitude of these signals depends on how
massive each star or black holes in the binary is. However, as these compact binary sys-
tems are made up of the most massive and dense objects in our universe, the inspiral and
merger of such a system can produce GW signals with very high amplitudes, on the order
of ℎ ≈ 10−19 [16].
The coalescence of compact binary star systems, including both black holes and neutron
stars, is a promising area of GW astronomy. Little is known about black holes in particular;
although massive and energetic they do not emit measurable energy in the form of electro-
magnetic (EM) radiation. Thus GW astronomy can provide unique information about these
sources that is not possible to get from EM astronomy alone. In fact, the rst detection of
GWs from a binary black holes inspiral was the rst time black holes had been directly
observed [10].
There are three main stages of a coalescing binary system; the inspiral, the merger, and the
ringdown [10]. These stages can be seen in the observed signal from the rst GW detection
in Figure 1.3.
When two compact objects which orbit a common centre of mass draw closer together,
their orbital frequency increases and they begin to spiral in towards each other. This is
observed as an increase in the frequency of GWs being emitted from the binary system,
and is called an inspiral. This source frequency increases until the two objects meet and
merge together, releasing a huge amount of energy. The amplitude of the signal also in-
creases, reaching a maximum at the point where the two compact objects merge. During
the merger, the two compact objects, either black holes, neutron stars or a combination
of both, combine to form a single compact object which then rings down and settles to a
constant state. In the case of the rst detection in Figure 1.3 two black holes, 36+5−4푀⊙ and
29 ± 4푀⊙ in size, released 3 ± 0.5푀⊙ of energy in the form of GWs as they coalesced into
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Figure 1.3: Detection of GWs from a binary black hole merger [10]
one black hole of 62 ± 4푀⊙.
A GW signal from a binary neutron star inspiral was observed in August 2017, the rst de-
tection of its kind. Each star’s mass was in the range of 1.17푀⊙ − 1.6푀⊙, where the total
mass of the system was 2.74+0.04−0.01푀⊙. Although there were three detectors online, the two
aLIGO detectors and the advanced Virgo detector, the signal was present in only the two
aLIGO detectors. The absence of signal in the advanced Virgo detector provided valuable
extra information on where in the sky the source was located, narrowing the sky locali-
sation to 28 ° (90 % probability). This merger had a luminosity distance of 40+8−14Mpc, also
making it the closest and most precisely localized GW signal yet detected [15].
In addition to GWs, signals in the electromagnetic spectrum produced by this neutron star
merger were detected in over 70 dierent observatories. A gamma ray burst named GRB
170817A, was rst observed by Fermi-GBM, who then alerted the GW community to the
possibility of a GW source [22]. This burst, which actually happened 1.7 s after the GW
signal was measured in our detectors, was also veried by INTEGRAL [23]. Follow-up ob-
servations in collaboration with the wider electromagnetic astronomy community led to
several important breakthroughs, a selection of which are shown in Figure 1.4. The as-
1.3. SOURCES OF GRAVITATIONAL WAVES 7
Figure 1.4: Results of multi-messenger GW astronomy from binary neutron star merger GW170818.
The gravitational wave signal is shown alongside its electromagnetic counterparts, over a period of
about two weeks after the event [22].
sociation of these two events not only provided compelling evidence of the link between
gamma ray bursts and neutron star mergers, it also conrmed that GWs travel at the speed
of light, in accordance with Einstein’s General Theory of Relativity.
The neutron star merger rate could be calculated as푅 = 1540+3200−1220 Gpc
−3 yr−1, from O1 and
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O2 data [15].
An independent measurement (or so-called standard candle measurement) of the Hubble
constant, a quantity which represents the local expansion rate of the Universe, was also
made using the distance to the binary neutron star merger from the GW signal combined
with the recession velocity inferred from the electromagnetic data of the same event. The
Hubble constant was determined to be 퐻0 = 70+12.0−8.0 km s
−1 Mpc−3, which is consistent with
existing measurements while being completely independent of them [24].
The observed electromagnetic counterparts indicated the signature of a kilonova, a phe-
nomenon by which the leftover material from the neutron star collision is blown far out
into space. Labelled AT 2017gfo, this kilonova that is thought to have followed the neutron
star merger produced and ejected about 0.5M⊙ of heavy elements, such as gold and plat-
inum [25]. Counterpart observations across the electromagnetic spectrum including X-ray,
ultraviolet, optical, infra-red, and radio waves that originated in the same area of the sky
were witnessed by over 70 observatories worldwide, denitively marking the beginning of
multi-messenger GW astronomy.
1.3.2 Continuous sources
There are sources in our universe that constantly produce GWs. However the amplitude
of these is much smaller than the violent coalescence of black holes and neutron stars, and
was out of the range of sensitivity of ground-based detectors until aLIGO and Virgo [16, 26].
Pulsars
Rotating neutron stars emit beams of electro-magnetic radiation at radio frequencies from
their magnetic poles. If these poles are oriented towards the Earth at any point in the
rotation of the star, they will been observed as a periodically pulsing radio source, much
like the light from a lighthouse. These pulsed radio sources were discovered in 1967 and
were named pulsars [27].
Pulsars that have some degree of asymmetry in their shape can release energy in the form
of GWs as well as electro-magnetic radiation. GW radiation that is emitted by pulsars in
this way could have a strain described by [28]
ℎ = 16휋
2퐺
푐4
휖퐼푧푧푓 2푟표푡
푟
(1.3)
once it reaches the Earth. Here 푟 is the distance from the detector, 푐 is the speed of light, 퐺
is the gravitational constant, 푓푟표푡 and 퐼푧푧 are the frequency of the pulsar’s rotation and its
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moment of inertia. The last term, 휖 = 퐼푥푥−퐼푦푦
퐼푧푧
is the equatorial ellipticity of the star, which
could be related to distortion from the magnetic eld, but is not usually well known. Den-
ing the upper limit of energy from pulsars released as GWs and developing algorithms to
search for these continuous signals is an active area of research within the GW community
[26], with recent analysis of aLIGO data pointing towards strain amplitudes of ≈ 10−25 for
these sources [29].
X-ray binaries
Neutron stars can exist in binary systems with ordinary stars. In this case the gravitational
well of the dense neutron star gradually pulls mass away from its companion star. The
angular momentum of the neutron star will increase as more mass is accreted from the
other star. X-rays can be emitted during mass accretion, which leads these systems to be
called x-ray binaries [16]. As the angular momentum of the neutron star increases, the
star may become unstable and its rotation become non-axisymmetric. At the point where
rotation is non-axisymmetric, gravitational waves can be emitted. Neutron stars of this
type are called Wagoner stars [30]. The gravitational radiation of this source is estimated
to have a strain amplitude of
ℎ = 3 × 10−27
(
1 kpc
푟
)(
1 kHz
푚푓
)1∕2( 훾
10−8erg∕cm2∕ sec
)1∕2
(1.4)
where 푚 is the mode number, 푓 = 500 ± 300Hz is the frequency of the rotation of the star,
푟 the distance away from the Earth, and 훾 is the x-ray ux, which indicates the accretion
rate of the Wagoner star [30]. The strain of these sources could be as high as ℎ ≈ 10−22,
depending on the accretion rate, distance, and the unpredictable internal viscosity of the
neutron star.
Gravitational radiation could be emitted by low-mass x-ray binaries via a few possible
mechanisms. If the matter accreted by the neutron star is conned by its magnetic eld
to a mountain at the magnetic pole, then GWs would be produced [31]. Alternatively, in-
stabilities in the star driven by accretion could lead to a steady emission of GWs [32, 33].
It is possible that the rotational speed of neutron stars in low mass x-ray binary systems is
limited by the accreted angular momentum being radiated in the form of GWs, possibly due
to asymmetrical heating of the neutron star as it pulls matter from its companion, creating
a quadrupole moment [34]. In these cases, GWs emitted from x-ray binaries such as x-ray
source Sco X-1 could be detected by ground-based detectors [35].
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Stochastic background
The superposition of GWs from events all across the Universe creates a stochastic back-
ground of GWs, including GWs produced in the Big Bang at the end of the Inationary
Period, or anisotropies in space-time arising from quantum gravitational processes in the
early Universe [36]. The stochastic background is made up of all these sources, and would be
random in distribution and roughly constant in amplitude. More understanding is needed
of what the frequencies and strain amplitudes of this source would be, however GWs from
the early universe as well as the anisotropy of the stochastic background could be studied
in LISA’s detection band [36, 37]. It is possible that the aLIGO detectors could detect signals
from the stochastic background, and in doing so gain information on its polarisation [38].
1.4 Resonant bar GW detectors
Eorts to directly detect GWs began in the 1960’s with the development of resonant bar
detectors. These detectors were composed of room temperature aluminium cylinders, iso-
lated from the ground vibrations of the surrounding environment. A passing GW would
produce spatial strains in such a bar, which was postulated to make it vibrate at its reso-
nant frequency of 1657 Hz [3]. A belt of piezos, mounted around the middle of the bar was
designed to transform the strain from a GW passing through the bar into an electric signal
[39].
In 1969 Weber reported coincident GW measurements between two bar detectors. Since
these two bars were situated 1000 km apart, the probability for accidental occurrence from
local sources was very small [40]. This report spurred the construction of more resonant
bar detectors, which unfortunately were not able to replicate these measurements of GWs.
Although the room temperature resonant bar detector approach was largely superseded in
the 1970s in favour of more sensitive detector designs, it served to pioneer the eld of GW
detectors.
As technologies improved and interest in the eld grew, some new resonant bar detectors
were cooled to cryogenic temperatures, achieving sensitivities of 10−20
√
Hz with a band
width of 100 Hz in comparison to the 10−19
√
Hz strain sensitivity of room temperature
resonant bars. AURIGA was the last detector of this type in operation [41]. Two spherical
mass detectors, MiniGRAIL and the Mario Schenberg Detector were also constructed. Their
spherical geometry allows the measurement in ve more degrees of freedom, compared to
only one in a bar detector. They were operated at a bandwidth of 60 Hz, and although the
achievement of such performance has not been reported, they were designed to measure
strains of 10−21
√
Hz at 3000 Hz [42, 43].
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1.5 Interferometric GW detectors
Beginning in the early 1970s laser interferometer technology had advanced and the rst
Michelson-type interferometric detectors were constructed [44]. While resonant bar de-
tectors are only sensitive in a narrow frequency range close to their resonant frequency;
interferometric detectors can be designed to have much wider bandwidths, and lower noise
levels.
All GW detectors can be imagined simply as systems that are capable of measuring the uc-
tuating strains in space-time caused by GW radiation. One such system would be two free
masses, separated by a well monitored distance L, that would measure strain amplitudes,
ℎ, as was dened in equation 1.1 where h = 2 ⋅ ΔL∕L. Interferometric GW detectors work
on this basic principle, with their sensitivity dened by this strain equation. By splitting
a coherent light source (i.e. laser) along two perpendicular paths of equal length L, and
recombining them as shown in Figure 1.5 it is possible to measure very small dierences
in optical path length by comparing the phase dierence of the laser light after it is recom-
bined.
GWs passing through the interferometer will shorten or lengthen one of the arms with
Figure 1.5: Schematic of simple Michelson interferometer.
respect to the other, to an extent determined by the source’s direction of incidence with
respect to the detector’s arms and the GW polarisation. This results in a phase dierence
between the light in the two arms on recombining and thus a change in the detected inten-
sity of the interference pattern at the interferometer output.
The arm length of interferometric detectors greatly aects their overall sensitivity, the max-
imum occurring when the time for which the laser light is stored within the interferometer
arms is equal to half the GW’s period. In this ideal case, the light takes a quarter of the
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period of the GW to travel from the beam splitter to the end test masses. Hence the light
would reach the end test masses at maximum displacement by passing GWs.
For a GW source at 푓 = 100Hz the arms of the detector would ideally be 750 km in length
[45]. In reality this proves to be impractical on Earth, due to its curvature and other environ-
mental constraints. Thus dierent interferometric techniques were developed to increase
the optical path length of the detectors and their sensitivities without physically increasing
their arm lengths.
1.5.1 Fabry-Perot cavities
One optical technique that increases the sensitivity of GW detectors involves the use of
Fabry-Perot cavities. The use of such cavities in prototype GW detectors was developed in
Glasgow in the 1980s [46]. Fabry-Perot cavities are created by placing partially transmissive
input test masses (ITMs) after the beam splitter in both arms of the interferometer. Laser
light enters the cavities through the partially transmissive ITMs and is reected back and
forth between each ITM and the highly reective end test mass (ETM) in each arm. In this
conguration the laser beams overlap and the optical path length is eectively lengthened.
1.5.2 Power recycling
Power recycling is a technique used to increase the power of the laser light incident on the
detector’s beamsplitter [47, 48]. A partially transmissive optic is placed in the beam path
between the laser and the beam splitter which forms an additional cavity with the interfer-
ometer. The light reected back from the power recycling mirror cancels with the signal
from the beamsplitter towards the laser, as in Figure 1.6. The interferometer is then oper-
ated at a "dark fringe", meaning that the laser light from its arms completely destructively
interferes at the beam splitter, as it propagates towards the photodetector. This increases
the stored laser power within the interferometer, thus increasing the sensitivity of the de-
tector by reducing the levels of shot noise, which is explained in more detail in Section 1.6.2.
1.5.3 Signal recycling
Signal recycling is similar in concept to power recycling, only this time a partially transmis-
sive optic is placed in between the beam splitter and the photodiode instead of in between
the beam splitter and the input laser [48]. Again the detector is operated at a dark fringe,
where any relative motion of the test masses will change the relative phase of the laser
light and a non-zero signal will be seen instead of the null signal of the dark fringe. When
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a non-zero signal is present, the laser light from the interferometer will pass through the
beam splitter and be partially returned by the signal recycling mirror, thereby allowing the
output signal to build up. The peak frequency sensitivity of the detector can be altered
by changing the placement of the signal recycling mirror. This means the detector can be
eectively tuned to be more sensitive to GWs from dierent sources.
1.5.4 Interferometric GW detector layout
Most Michelson-type interferometer GW detector share a few key elements. The aLIGO
detectors, for example, operates under vacuum with a pre-stabilized Nd:YAG laser with a
wavelength of 1064 nm as a light source [8]. This laser injects 20 W into the interferometer,
which is increased via use of a power-recycling cavity prior to the beamsplitter [49]. After
Figure 1.6: Michelson interferometer layout, with signal and power recycling and Fabry-Perot cav-
ities
being split into the two arms of the detector, the light builds up in both Fabry-Perot cavities,
then returns to the beamsplitter and registered as an output signal by the photodetector,
shown in Figure 1.6. Here a signal recycling mirror again increases detector sensitivity.
Changes in the phase dierence between the two returning laser beams reect a departure
from perfectly matched arm lengths. Such changes can be caused by local strains in space-
time created by a passing gravitational wave [50].
The mirror suspensions are isolated from environmental and technical noise sources using
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a variety of techniques [16]. The noise sources that have the most impact on detector
sensitivity are explained in the next section, along with the techniques used to mitigate
them.
1.6 Noise sources in GW detectors
For a detector to reliably measure such small changes in distance, it must be isolated as
much as possible from all environmental eects that cause movement. Thus ground-based
GW systems face an extensive list of environmental and technical noise sources that limit
their performance. The most signicant noise sources that limit the current detectors are
seismic noise [51], shot noise [52], radiation pressure noise [53], Newtonian noise [54], and
suspension and mirror thermal noise [55]. Each noise source impacts detector sensitivity
in dierent frequency bands, and is addressed in dierent ways. An example showing the
predicted level of each noise source and how each contributes to the sensitivity curve of
the aLIGO observatories is shown in Figure 1.7.
Figure 1.7: Impact of noise sources on a ground-based GW system’s sensitivity curve (aLIGO) [56]
1.6.1 Seismic noise
Seismic noise includes the environmental vibrations felt by the mirrors and is most domi-
nant at frequencies of around 1-10 Hz [51]. The sources and amplitudes of seismic noise are
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location and time specic and more variable than other more fundamental sources, which
means the frequency of seismic noise is also variable and unpredictable. Vibrations caused
by a far away earthquake, a logging truck on a nearby highway, and everything in be-
tween impact the detectors as sources of seismic noise. The overall levels of seismic noise
vary by geographical location. For a relatively quiet place the noise (at a frequency f) is
≈ 10−7 × 푓−2m∕
√
Hz [51]. For a gravitational wave to be detected the maximum displace-
ment of each test mass must be < 3 × 10−20m∕
√
Hz in all three directions at 30 Hz [51].
This means the seismic noise in the horizontal direction must be reduced by at least a factor
of 1010 at 30 Hz. Due to the Earth’s curvature, seismic noise in the vertical direction can
couple to the horizontal axis, so though requirements are most strict along the horizontal
axis, seismic isolation must be applied in all three directions.
The best way to limit this source is to isolate the mirrors from the surrounding environment
Figure 1.8: aLIGO QUAD multi-stage pendulum suspension, where the bladesprings provide three
stages of vertical isolation and the four stage pendulum provides four stages of horizontal isolation.
[57].
as far as is possible. In particular, horizontal seismic noise can be mitigated by suspend-
ing the test masses as pendulums. This attenuates the eects of ground motion above the
resonant frequency, 푓0, of the pendulum by ≈ −푓 20 ∕푓
2 for a single stage pendulum. Thus
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the test masses are suspended in multi-stage pendulum suspensions, where each additional
stage oers a further degrees of isolation [56]. For example, in the aLIGO detectors such
multi-stage pendulums include the use of cantilever springs to limit vertical motion of the
test masses, and are xed to seismic pre-isolation tables, as shown in Figure 1.8 [57].
1.6.2 antum noise
Two quantum noise sources have to be considered in GW detector design; photon shot
noise, and radiation pressure noise. Photon shot noise is an eect that is due to the discrete
nature of photons. The independent and random distribution of photons is measured by
photodiodes as a Poisson distribution [52]. A similar eect is found in electronics, where
the discrete nature of electric charge can result in electronic shot noise [58].
Vacuum uctuations between optics and the photodiodes in detectors cause random events
which is interpreted as shot noise. This eect becomes dominant at frequencies on the
order of a few hundred hertz.
Additional eects from technical noise sources can worsen the level of apparent shot noise,
such as the eciency of photodiodes used. These should be as ecient as industry can
provide, but will never fully reach 100 %.
Therefore, shot noise is a limiting factor to detector sensitivity. Assuming a photodiode
that has 100 % quantum eciency, the absolute limit in a Michelson-type interferometer
can be represented as [16]
ℎ푠ℎ표푡(푓 ) =
(
1
퐿
)(
ℏ푐휆
2휋푃푖푛
)1∕2
(1.5)
where L is the interferometer arm length, ℏ is the reduced Planck’s constant, c is the speed
of light, 휆 is the laser wavelength and 푃푖푛 is the laser power. Equation 1.5 shows that photon
shot noise levels can be reduced by increasing the laser power in the interferometer.
Radiation pressure noise occurs when the photons from the laser are reected from the test
mass optics and in doing so transfer momentum from the photons to the optic, which acts
as a force on the face of the optic. The random distribution of the photons reected from the
optic leads to a uctuating force on its face, causing it to change position. This movement
leads to a phase change when the beams are recombined. The radiation pressure noise in a
Michelson-type interferometer is given by [16]
ℎ푟푝(푓 ) =
(
1
푚푓 2퐿
)(
ℏ푃푖푛
2휋3푐휆
)1∕2
(1.6)
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where m is the mass of the optic (test mass in this case), f is the frequency, L is the interfer-
ometer arm length, ℏ is the reduced Planck’s constant, 푃푖푛 is the input laser power, c is the
speed of light and 휆 is the laser wavelength. From equation 1.6 it can be seen that radiation
pressure noise has the greatest eect at the lowest frequencies and that it’s eect increases
with increasing laser power.
Although this eect is small, the interferometer must be sensitive to extremely small changes
in distance to detect GWs. Thus radiation pressure noise must be mitigated. This source
has the greatest eect at very low frequencies, increases with increasing laser power, and
decreases with increasing mass of the optic it acts upon. For example, one of the reasons
the 40 kg optics in aLIGO are so large is to counter-act the eects of radiation pressure noise
[8].
Quantum noise sources such as shot noise and radiation pressure noise are not correlated
sources in Michelson-type interferometers without signal recycling and so can be combined
in quadrature to give the total optical readout noise of a detector, as in
ℎ표.푟.푛(푓 ) =
√
ℎ2푠ℎ표푡(푓 ) + ℎ2푟푝(푓 ). (1.7)
Photon shot noise can be reduced by increasing laser power, and radiation pressure noise
can be reduced by reducing laser power, shown in equations 1.5 and 1.6. Thus an optimal
power level exists where each noise source is minimised, where ℎ푠ℎ표푡 = ℎ푟푎푑 . Plugging this
optimal power value 푃표푝푡 into equation 1.7 attains a level of lowest possible quantum noise,
ℎ푆푄퐿(푓 ) =
1
휋푓퐿
√
ℏ
푚
. (1.8)
This sensitivity limit is known as the standard quantum limit (SQL) and is consistent with
the Heisenberg Uncertainty Principle [52, 53].
Techniques are being investigated to extend the sensitivities of GW detectors past the SQL.
These are known as quantum non-demolition (QND) techniques. One such technique is to
measure the speed (and with it the momentum) of test masses instead of monitoring their
position as most currently operating detectors do. Instruments emplying this technique
are called "speedmeters", and are expected to outperform an equivalent Michelson-type
interferometer at low frequencies due to reduced quantum radiation pressure noise [59]. A
proof of concept Sagnac speedmeter experiment is currently in its commissioning phase at
the University of Glasgow [60].
Another QND technique called "squeezing" was proposed in the early 1990’s [53] and has
since then been developed to reduce shot noise via manipulating or "squeezing" the states
of laser light in order to reduce vacuum uctuations and overall quantum noise. First tested
on a large scale in GEO 600 [61], it is proposed to be a part of the A+ upgrade to the aLIGO
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detector and is also proposed be a fundamental part of future detectors [62].
1.6.3 Newtonian noise
Newtonian noise, also called gravity gradient noise, is dominant at low frequencies under
10 Hz [51]. This source is created by density perturbations from moving terrestrial masses
such as vehicles and clouds. These density perturbations exert a direct gravitational pull on
the test masses, changing their position as the sources move. It cannot be fully mitigated
on the surface of the earth and so eectively provides a lower limit to current ground-based
detectors [63]. Next generation detectors such as KAGRA [64] and ET [65] are being built
underground to reduce the eects of gravity gradient noise. Space based detectors such as
LISA are not exposed to the eects of terrestrial gravity gradient noise, which will allow
them to observe lower frequency sources than ground-based detectors [45].
1.6.4 Thermal noise
Thermal noise in interferometric detectors arises from thermally driven motion of the mir-
ror suspensions, or other thermodynamical uctuations which may impart a phase change
to the laser beam as it probes the mirror’s position. An important component of this is
Brownian motion, which was rst quantied by Einstein in 1905 for a particle as an energy
of 1
2
kBT per degree of freedom, where kB is Boltzmann’s constant and T is temperature [66].
It is now well understood that dissipative systems such as mechanical oscillators will ex-
hibit spontaneous thermal uctuations in displacement as described by the uctuation-
dissipation theorem [55, 67].
This theorem relates the power spectral density due to a uctuating driving force, 푆퐹 (휔),
of a mechanical system to the dissipative, or real, part of the system’s impedance,ℝ[푍(휔)].
This is represented as [55, 67]
푆퐹 (휔) = 4푘퐵푇ℝ[푍(휔)] (1.9)
where 푘퐵 is Boltzmann‘s constant, and T is the temperature. Considering a force, F, that
acts on an object causing a velocity v of this object, the mechanical impedance can then
be dened as 퐹∕푣. Using this, the uctuation-dissipation theorem can be expressed as the
power spectral density of thermal displacement, 푆푥(휔),
푆푥(휔) =
4푘퐵푇
휔2
ℝ[푌 (휔)] (1.10)
where 푌 (휔) = 1∕푍(휔) is the mechanical admittance. Therefore, noise in the form of the
amplitude spectral density of thermal uctuations can be calculated from the real part of
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the mechanical admittance of a system, ℝ[푌 (휔)].
A number of dierent external sources can contribute to thermal noise in a detector. Gas
damping from air molecules is one possible source [68], or recoil damping where energy
can be dissipated from the suspension to the support structure [68]. Frictional losses from
contact points of the suspension and/or test masses rubbing together also contributes to
external sources of dissipation [69]. However, external damping eects such as these are
intentionally minimized in the design of gravitational wave detectors, i.e. by operating un-
der vacuum to minimize gas damping [16].
After external sources are mitigated, the internal damping in the materials that make up the
test mass and suspension elements must also be addressed. Internal damping arises from
anelastic behaviour, where the strain response in a material is not instantaneous when a
stress is applied [70]. An ideal elastic material would obey Hooke’s law such that a strain
would be produced instantly in response to an external force, or stress. Conversely, the
phase lag between the stress and the strain in anelastic materials, has a nite relaxation
time. For example, a periodic stress of angular frequency 휔 that is applied to a material
will induce a periodic strain. In an anelastic material this periodic strain will have the same
angular frequency, 휔, as the applied stress, but it will also have a phase lag, 휙. This 휙 is
known as the mechanical loss angle, or the mechanical dissipation factor of a material [71].
The resonant modes of the pendulum suspensions in a GW detector can be modelled as
damped harmonic oscillators that obey Hooke’s law. This law relates a force F to a dis-
placement x, depending on a spring constant, k,
퐹 (휔) = −푘푥 (1.11)
For materials that do exhibit anelastic properties, but the phase lag is very small, are called
low loss systems where 휙(휔) << 1. This can be introduced into Hooke’s law as an imagi-
nary part of the spring constant k,
퐹spring(휔) = −푘 (1 + 푖휙(휔)) 푥 (1.12)
Thus the equation of motion for a harmonic oscillator of mass m, with a phase lag (i.e.
mechanical loss) 휙(휔), that experiences an internal driving force due to thermal sources
can be written as
퐹thermal(휔) = 푚푥̈ + 푘 (1 + 푖휙(휔)) 푥. (1.13)
This can be expressed in terms of velocity, using complex notation (e푖휔푡),
퐹thermal(휔) = 푖휔푚푥̇ − 푖
푘
휔
(1 + 푖휙(휔)) 푥̇. (1.14)
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Now it is possible to obtain an expression for impedance, which is the force divided by
velocity,
(휔) = 푖(휔푚 − 푘
휔
)
+ 푘
휔
휙(휔). (1.15)
Recalling that the mechanical admittance was dened as one over the mechanical impedance,
the admittance can now be calculated as
(휔) = 1(휔) =
−푖
(
휔푚 − 푘
휔
)
+ 푘
휔
휙(휔)(
휔푚 − 푘
휔
)2
+
(
푘
휔
휙(휔)
)2 (1.16)
Now considering that 휔20 =
푘
푚
, the real part of the admittance can be simplied and used,
ℜ {(휔)} = 휔
2
0휙(휔)
휔
푚(
휔20 − 휔2
)2 + (휔20휙(휔))2 (1.17)
Finally the admittance can be used in the uctuation-dissipation theorem to obtain the
power spectral density of thermal motion
푆푥(휔) =
4푘B푇
휔2
ℜ {(휔)} (1.18)
=
4푘B푇
푚휔
휔20휙(휔)(
휔20 − 휔2
)2 + (휔20휙(휔))2 (1.19)
Considering angular frequencies, 휔, that are close to the resonant frequency, 휔0, it can be
seen that this form of 푆푥(휔) would be proportional to 1∕휙(휔0). Thus for materials that ex-
hibit low levels of anelasticity, i.e. have a low mechanical loss and small 휙, the dissipation
peak would be tall and narrow and centred around the resonant frequency, 휔0. The lev-
els of thermal noise at frequencies away from this narrow resonant peak would be low. A
larger loss angle would result in a shallower, broader peak, and an increase in o-resonant
thermal noise.
Thermal noise is a limiting noise source in the most sensitive frequency band of current
ground-based detectors, 10-100 Hz, thus its mitigation is important for their performance
[56]. Mechanical loss in the mirrors and suspensions of GW detectors is particularly detri-
mental, as it causes displacements of the front faces of the test masses [72]. Thus, low
mechanical loss materials are chosen to construct the suspensions and test masses, in order
to mitigate the eect of this noise source on detector performance.
Statistical temperature uctuations in the suspension elements and test masses result in
a type of thermal noise called thermoelastic noise [71, 73]. These uctuations cause local
expansion or contraction depending on the thermal expansion coecient of the material.
Thermorefractive noise is caused by small local uctuations in the refractive index of the
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test mass mirrors which is caused by local temperature uctuations [74]. These uctua-
tions in the refractive index alter the phase of the laser light as it passes through them. The
thermoelastic and thermorefractive noise contributions of GW optics together are called
thermo-optic noise [75].
The mechanical dissipation of the optical coatings, suspensions, and mirror substrates in
each case make contributions to the thermal noise present in GW detectors. The thermal
noise of optical coatings is split up between Brownian and thermo-optic noise, which im-
pacts the detector at dierent sensitivities as can be seen in Figure 1.7. The bulk material
of the test mass substrates has Brownian and thermo-optic noise associated with it as well.
The rst incarnations of the LIGO and Virgo detectors used wire loops that ran on the un-
derside of the test masses as a suspension approach [4, 5]. However the high internal loss
of the wire itself and the higher external frictional losses between the wire and the masses
led to other suspension approaches being explored. Fused silica suspension bres were rst
explored in the GEO600 interferometer, implemented to create a quasi-monolithic test mass
suspension [6].
Extensions of this low mechanical loss bre design were eventually implemented in ground-
based detectors such as aLIGO, advanced Virgo, and KAGRA [8, 9, 64]. The bres consist
of fused silica for room temperature detectors or sapphire and silicon for cryogenic detec-
tors. Though the bres themselves have lower loss than metal wires, there are additional
sources of thermal noise in them that have mechanical considerations. For example, in a
quasi-monolithic suspension of aLIGO design, fused silica bres and low loss interfaces are
used in the last suspension stage, as seen in Figure 1.9. In this conguration, contributions
Figure 1.9: Quasi-monolithic suspension with hydroxide catalysis bonds
to thermal noise can come from the mechanical loss of the welded connection at the top of
the interface ear on the test mass and the bre. Additionally, the thermoelastic loss due to
the bending of the bre [71], the bre’s surface loss [76], and in the case of thicker bres,
the bulk loss, are all thermal noise sources which are mitigated by bulk material choice and
design geometry [76].
These last stage bres between the penultimate mass and the test mass must be xed to
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the masses by using a jointing technique that is both strong enough to safely suspend the
≥ 40 kg test masses and also comprises material of suitable low mechanical loss [77].
This thesis will focus on studies of properties of this jointing technique, which is called
hydroxide catalysis bonding.
The spectral density of thermal noise (at frequency f), 푆푥(푓 ), of test masses with hydroxide
catalysis bonds is discussed in Chapter 6. The thermal noise contribution of these bonds and
their impact to the overall thermal noise budgets of various detectors will also be discussed
in detail in that chapter.
1.7 Detector status and outlook
Currently there are four operational interferometric GW detectors around the world, GEO600
in Germany [6], Virgo in Italy [9] and two LIGO observatories in the United States [8].
These observatories will soon be joined by the not-yet-completed cryogenic detector, KA-
GRA, in Japan [64]. A third room temperature detector of LIGO design, LIGO India, is
planned to be constructed in India. The network of these observatories is shown in Fig-
ure 1.10.
More sophisticated cryogenic detectors such as the Einstein Telescope [78] and Voyager
Figure 1.10: Network of ground-based GW detectors (credit: the Virgo collaboration)
[62], are currently in the early stages of design and development, and will greatly improve
the sensitivity of the worldwide network when they join it. A comparison of the sensitivi-
ties of current and proposed ground-based detectors are shown in Figure 1.11.
Planned space based detectors such as LISA [45], currently planning to launch in 2034,
1.7. DETECTOR STATUS AND OUTLOOK 23
1 10 100 1000 1000010
−25
10−24
10−23
10−22
10−21
Frequency [Hz]
St
ra
in
 [1
/s
qr
t(H
z)
]
Virgo
Advanced Virgo
LIGO
LCGT
Auriga
GEO−HF
Einstein GW
Telescope
Advanced LIGO
aLIGO−upgrade
Figure 1.11: Ground-based detector design strain sensitivities, where LCGT has been renamed the
KAGRA detector, and the ET GW Telescope includes both the ET-LF and the ET-HF detectors [79].
will be able to detect GW sources in frequency bands unattainable by ground-based sys-
tems due to gravity gradient noise limitations on Earth [54]. The successful launch of the
LISA Pathnder mission in early 2015 has made positive progress towards putting interfer-
ometric GW detectors into space.
Newer ground-based GW detectors, such as KAGRA, ET, and Voyager, seek to increase sen-
sitivity by operating at cryogenic temperatures to reduce thermal noise [62, 64, 65]. Oper-
ating in the cryogenic regime necessitates the use of optical substrate and optical interface
materials with suitable thermo-mechanical properties at low temperatures. For systems
that operate at room temperature fused silica is an excellent substrate material, with hy-
droxide catalysis bonds creating reliably strong joints between fused silica substrates [80].
Unfortunately, fused silica’s broad dissipation peak at low temperatures makes it a poor
choice for the suspensions and test masses of cryogenic detectors[81, 82]. At present, sap-
phire and silicon are the two favoured materials for optical and suspension components in
third generation cryogenic detectors.
Mono-crystalline sapphire is being used in the KAGRA interferometer [64], with silicon
test masses more likely to be used in detectors such as ET and Voyager [62, 83]. Thus the
majority of this thesis is focussed on bonding techniques between silicon or sapphire sub-
strates, with the design of crystalline suspensions in future cryogenic gravitational wave
detectors in mind.
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Chapter 2
Introduction to bonding techniques
All the materials that make up a GW detector have to be carefully selected to optimise
detector sensitivity. As was discussed in the previous chapter the closer a component is
to the face of the test masses the more important its material properties become. In this
chapter dierent jointing techniques will be investigated, with a focus on the selection of
the jointing technologies used between the test masses and suspension components of GW
detectors. For these interfaces, joint material characteristics such as low mechanical loss,
high tensile strength, vacuum compatibility, and in some cases high thermal conductivity
are required.
The test mass must be xed to its suspension element, or ear, in a way that keeps the
thermal noise of the test mass system down to within an acceptable level, as dened by
the design sensitivity of each detector. This joint must not outgas any volatile solvents, as
this would contaminate the GW detector suspensions and vacuum system. For cryogenic
detectors, this material must also have a high enough thermal conductivity to allow heat to
be extracted from the test mass up through the suspension elements and out of the system
when cooling to cryogenic temperatures. A high tensile strength is also required for all GW
detectors, as this is the interface that holds the test mass in suspension.
The benets and downsides of a number of dierent bonding techniques typically used in
dierent industries are outlined here, and an explanation of which ones can be used in GW
detectors is given.
2.1 Epoxy
The most common way of creating a bond between two materials is to use some sort of
epoxy or glue. There is a vast array of dierent types of epoxy/glue adhesive available,
most of them tting into two main categories, reactive or non-reactive [84]. Reactive ad-
hesives, such as two part epoxies, involve a chemical reaction as the adhesive cures. These
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approaches result in chemical reactions, forming either ionic, covalent or hydrogen bonds.
Non-reactive adhesives such as polyvinyl acetates (PVAs) set as solvents leave the adhesive
or as it cools, as in the case of hot glue. These non-reactive bonds adhere via electrostatic
forces such as the Van der Waals force [84].
Most epoxy and glue adhesives release volatile solvents and elements and thus they are
are not vacuum compatible [85], and so cannot be considered for use in GW detectors.
However there are a few ultra-high vacuum (UHV) compatible epoxies to consider, such as
Masterbond EP-30-2 [86], which has been used in GW detectors for some interfaces such
as magnet standos or to x metal prisms onto smaller, less critical optics in the aLIGO
detector. Although it is UHV compatible, EP-30-2 still creates relatively thick joints, tens
of microns at the thinnest. This results in unacceptably high, but unknown, thermal noise
level as more energy is stored in the thicker bonds. Thus it cannot be used for an interface
where thermal noise levels are important.
Additionally, adhesives such as epoxies or glue usually have a very narrow range of operat-
ing temperatures centred around room temperature, outside of which they become brittle
and fail [87]. One adhesive, Masterbond EP29LPSP [86], is low outgassing and can be used
at cryogenic temperatures. However the interface of a cryogenic detector must have a high
thermal conductivity in order to extract heat from the the test mass through the suspension
bres. As the EP29LPSP epoxy has a very low thermal conductivity [86], this rules it out
for use in these joints. This rules out the use of adhesives in general in cryogenic detectors.
Most adhesives create relatively thick joints to create reliable bonds, on the order of tens
of microns to millimetres [88, 89].
2.2 Cold welds
Two metallic surfaces of the same type, from which all surface contaminants have been
removed, will chemically bond to each other when contacted together at room tempera-
ture. This process is called cold welding [90]. This has caused mechanical problems in the
past for satellites which have all lubricants removed for space travel [91], as in the antenna
deployment of the Galileo mission [92]. Similarly it must be avoided during the assembly
of clean mechanical parts for GW detectors, which is averted by designing the mechanical
systems with dissimilar materials at all interfaces, such as using nuts of one type of metal
and bolts of another type.
However, cold welding can be used to x together two metals of the same type in a de-
liberate way that have had all oils, grease, and contaminants removed from their surface.
This process that can occur at room temperature and with very little applied pressure. This
process is commonly used to create vacuum seals with indium metal [93].
Most optic and suspension elements in GW detectors consist of non-metallic materials,
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such as fused silica, sapphire, or silicon which cannot be cold welded together. As such,
cold welding of these interfaces would only be possible after the addition of an appropriate
metal layer between them, such as indium.
2.3 Diusion bonds
Solid-state diusion bonding occurs when the atoms of two solid, metallic surfaces inter-
mingle over time under contact at elevated temperature and high pressures. This process
can happen between similar or dissimilar metals, typically at temperatures of 50-70% of the
metal’s melting temperature [94]. As it involves the diusion of atoms between two metal
surfaces, it does not require extra material other than the metal already present in order to
create the joint. Phases of a diusion bond are shown in Figure 2.1 [95]. Diusion bonding
Figure 2.1: Phases of diusion bond formation between two metals [95].
is often used in metalworking [94].
Similar to cold welding, diusion bonding in the nal stage of a GW detector suspension
would only work with the addition of metal layers in between the non-metallic optics and
their suspension interfaces.
Some non-metallic materials can be bonded together in a similar fashion to diusion bond-
ing, i.e. without the use of an interface. The direct bonding of silicon is one approach. In
this case a bond can be made by rst contacting very clean, very at silicon surfaces to-
gether. Then the silicon can be heated up to 1000 ◦C to create a bond [96], or it can be etched
and bonded under vacuum at room temperature [97]. Optical contacting of materials such
as fused silica is another jointing approach which does not require the use of additional
interface material, which is discussed in Section 2.6.
2.4 Indium as a bond material
Indium has the unique property of being a very malleable metal; it has a very low Young’s
modulus of 10-13 GPa and starts deforming plastically at very low stresses. It also has a low
melting point 157 ◦C [98]. It can bond easily to other metals to form alloys, as well as to
non-metallic materials such as glass, quartz and metallic oxides; either covalently at room
temperature or at slightly elevated temperatures [99, 100]. It’s thermal conductivity is fairly
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high, 81.8 W m−1 K−1. At standard temperatures and pressures, indium has a face-centred
tetragonal crystal structure. Below 3.4 K indium becomes a superconductor [101].
Indium has many industrial uses, particularly in the semi-conductor industry. It is used as
low temperature solder, and in an indium tin oxide (ITO) alloy it forms transparent con-
ductive coatings for use in various electronic applications [102, 103]. It is also used for
ultra-high vacuum (UHV) seals for room temperature and cryogenic systems, due to its
high thermal conductivity, vacuum compatibility, and low melting point [93, 98, 104–106].
Due to its low melting point indium is a malleable metal making it easy to work with at
room temperature, but it is not recommended for use at high temperatures. For future GW
detectors that operate in the cryogenic to room temperature regime, indium could be a good
choice of bond material for compressive joints.
Indium can be found in many dierent forms depending on the desired application, includ-
ing thin lms, solder wires, thin and thick foils, and alloys [99, 102, 103, 106, 107]. One
approach to creating a bond with pure indium metal is called bump bonding where bumps
of indium are brought into contact and pressed together [105]. In doing so the indium is
plastically deformed and cold welds to itself at room temperature.
Another technique is to use indium foils or thin evaporated indium lms as a layer of bond
material [107]. Using thin indium layers is not as straightforward as bump bonding, since
indium forms an oxide layer immediately on contact with air which inhibits a cold weld and
thus prevents a bond from happening. In the case of bump bonding there is a large amount
of pure indium metal that easily breaks the outer shell of oxide when pressed together. In
the case where there is a smaller amount of metal underneath an oxide layer, steps need
to be taken to either prevent the oxide from forming or to remove it immediately before
jointing the metal.
Due to the low tensile strength of indium and low melting point, indium bonds are not suit-
able for use at elevated temperatures (above 80-100 ◦C) or under tensile loads. Indium was
considered for use in the suspension design for the GEO detector, but was not selected due
to the concern that the indium layers may creep during vacuum bakeouts. In the aLIGO
detector, indium was incorporated into suspension design as a UHV compatible solder to
create the Electrostatic Drive connections in the reaction chains of the mirror suspensions
[108]. For GW detectors operating in the cryogenic regime, a hybrid suspension design
utilizing both indium and hydroxide catalysis bonding has been proposed [64, 78]. Some
research into indium bonds for cryogenic detectors has been done, with the results suggest-
ing this approach could yield bonds with acceptable thermal conductivity and mechanical
loss [109, 110]. This will be discussed further in Chapter 7.
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2.5 Glass frit bonds
Glass frit bonding can be used to join materials of the same or similar coecient of thermal
expansion as glass. To create a frit bond, rst a paste of glass particles and organic binders
is applied between the desired bond surfaces, for example two silicon wafers. The wafers
are compressed together and a bond is formed by heat cycling to temperatures of up to
450 ◦C [111].
This approach can yield strong, hermetically sealed bonds, and is used to construct micro-
electro-mechanical (MEMs) devices such as gyroscopes and accelerometers or seal optical
windows [112]. However, while strong, frit bonds are composed of a matrix of glass par-
ticles and organic binders and as such are assumed to be high thermal noise joints. Also,
they can only be used to bond systems that can be heat cycled up to 450 ◦C while under
pressure. This is unsuitable for GW detector mirrors, as their optical coatings cannot be
heated up to such high temperatures.
2.6 Optical contacts
Optical contacting is one way of bonding two surfaces together without the use of extra
jointing material. The two surfaces are stuck together via intermolecular forces, mostly
Van der Waals, and possibly hydrogen bonds and dipole-dipole interactions [113]. In order
for these forces to be strong enough to hold two interfaces together, they both have to be
very close together and well matched. Therefore, a peak-to-valley (PV) atness on the or-
der of 1 nm is required for the intermolecular forces to cause the surfaces to actually stick
together[113]. Any contamination on the bond surfaces would also keep an optical contact
from forming, and as such this type of jointing has to be done in a specialised cleanroom
with substrates that are very at and also have had all contaminants removed from their
surfaces.
If the requirements for substrate properties can be met, optical contacting can be a useful
method of xing clean components together. It is an optically clear and highly precise tech-
nique that is often used to x together optical components used at room temperature [114].
A joint that connects a test mass to the suspension element interface (ear) in a ground-based
detector must have a high tensile strength. The tensile strength of optical contact bonds is
not well dened in the literature. As the dominant forces behind most optical contacts are
Van der Waals in nature it can be assumed the strength of optical contacts are mostly due
to this phenomenon, with some sources reporting breaking stresses of 1.4 MPa [114]. Al-
though some report strengths that approach those of the bulk material that is xed together,
glass for example, this would assume perfectly clean and perfectly at surface conditions
[113], with the strength reducing drastically with greater substrate separation.
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A bonding technique that can be performed in a non-specialised cleanroom and that pro-
duces reliably strong bonds between the test mass and ear is necessary for the construction
of GW detectors. For optical contacts to work for this interface the side of the test mass and
the ear would have to be polished to 1 nm PV atness over the entire surface. Both surfaces
would also have to be completely pristine, any contaminants preventing an optical contact
would have to be removed. Due to the large sizes of the test masses, 40 kg in the case of
aLIGO, the ears that x them to the suspension elements also have a minimum possible size,
with the aLIGO ears having a surface area of 120 cm2 [57]. Therefore, in practice it is almost
impossible to achieve the required atness and surface cleanliness over the whole interface
that is required for an optical contact bond of this size. The cleanliness of the interfaces
would not be certain, even in a cleanroom. Also, assuming a tensile strength of 1.4 MPa
from the literature, the strength of an optical bond would be too low to safely suspend test
masses. Additionally, optical contacts do not survive at low temperatures [115] and so are
not suitable for space-based or cryogenic ground-based GW detectors.
2.7 Hydroxide catalysis bonds
Hydroxide catalysis bonding is a method of creating chemical bonds between oxides or
oxidisable materials with an aqueous hydroxide solution, and has been the preferred tech-
nique for creating the necessary quasi-monolithic optic and suspension systems for current
and future ground-based GW detectors [9, 57, 116]. Initially patented by Gwo at Stanford in
1998 [115, 117] for use in the Gravity Probe B mission, it has since been used in many dier-
ent applications [80]. Hydroxide catalysis bonds create strong, thin bonds of order 15 MPa
and 100 nm that can be precisely aligned to within 10 µrad, optically clear, vacuum com-
patible and used at cryogenic temperatures [80]. This makes it an ideal way of assembling
low thermal noise quasi-monolithic optical suspensions in ground based GW detectors or
to create precisely aligned optical assemblies for space based GW detectors [118].
In ground-based detectors hydroxide catalysis bonds were rst used in GEO600 to create
strong and low noise interfaces to the mirror suspensions [116]. Now the technique is used
extensively to attach the ears to the core optics in the Virgo, aLIGO, and KAGRA suspen-
sions [9, 57, 64]. These bonds were also used to align and bond the low noise fused silica
optical components of the LISA Pathnder [80] to its Zerodur optical bench, and are pro-
posed for use in future full-scale space GW missions [45, 119].
This bonding approach depends on the formation of silicate networks, explained in the
following sections for sapphire and fused silica substrates. Thus it follows that the most
straightforward class of bondable materials are silica based ones, such as fused silica, glass,
and glass ceramic composites such as Zerodur [115]. In the case of non-silica materials con-
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sidered for use in cryogenic mirror suspension, such as sapphire or silicon, it is necessary
to investigate the bond properties between these material types as well. Bonding non-silica
based material is possible because silicate like networks can be attached to oxide materials
as well as silica based ones. Sapphire, or Al2O3, is such an oxide, and hydroxide can in
theory etch such materials and form bonds, particularly if aided by colloidal silicate ions
already present in the bond solution [120].
Sodium silicate solution can also used to bond silicon. If the hydroxide solution touches
the pure silicon it will form hydrogen gas, which counteracts silicate formation and would
push the bonds apart [121]. Thus for bonding silicon, an oxide layer, SiO2, must be added to
the pure silicon. This necessary oxide layer can be deposited via electron beam sputtering
or ion beam sputtering, or growing it as a thermal oxide by heating the silicon substrates to
1000 ◦C [122]. A SiO2 layer no thinner than 100 nm is ideal, providing an appropriate oxide
layer to which the silicate network of the bond can attach [121].
2.7.1 Formation of hydroxide catalysis bonds between fused silica
Hydroxide catalysis bonding works by forming silicate networks between two bond sur-
faces [115]. These two surfaces must have the ability to form silicate networks, or attach
covalently to them. To get the strongest joints the substrates to be bonded must have well
matched surface gures and be clean of particulates, polishing compounds and hydrocar-
bons. The bonding process is carried out in a cleanroom to keep contaminants out of the
bond. The bond itself is created in three main steps: etching by hydration, polymerization
and dehydration. A short description of the reaction for bonding silica to silica is given
below, the chemistry of which is described more extensively in the original patent by Gwo
[117].
1. Etching by hydration: The substrate surface is ooded with an aqueous hydroxide so-
lution. The hydroxide ions in the solution etch the surface, liberating silica which forms
Si(OH)−5 . In this process the number of hydroxide ions decreases which causes the pH of
the solution to drop.
SiO2 + OH− + 2H2O → Si(OH)−5 (2.1)
2. Polymerization: As the surfaces are hydrated, the OH− ions and the pH of the bond
solution decreases, silicate ions dissociate and siloxane chains are formed between the bond
surfaces.
First dissociation:
Si(OH)−5 → Si(OH)4 + OH
− (2.2)
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Then the formation of siloxane chains and water occurs:
2Si(OH)4 → (HO)3SiOSi(OH)3 + H20 (2.3)
3. Dehydration: In the nal step of the bond process, the water leaves the bond, and the
bond strength settles.
The bonds tend to set within minutes but take weeks to become thinner and fully cured
[117]. The initial settling time can be used to precisely align optical components before
permanent placement. If the bond quality is poor, they can be de-bonded within a day of
bonding. Actual settling and curing times depend on the type and concentration of OH
solution and substrate type [123].
2.7.2 Formation of hydroxide catalysis bonds between sapphire
Although sapphire is chemically dierent to silica and is dicult to etch, the steps in the
bonding process are very similar to that of bonded silica. In this case, a hydroxide only
bond solution can etch the alumina bond surfaces, however a silicate-like network cannot
be formed on the alumina surfaces at a reasonable rate. Thus the sapphire surfaces are hy-
drated with a silicate rich hydroxide solution, in order to speed the creation of a stronger
joint, where the free alumina ions attach to the silicates in solution, forming a 3D alumi-
nosilicate network. This sodium silicate solution is used in the study outlined in Chapter 3
and Chapter 4.
First the alumina ions are freed from the surface in the etching stage of bond formation.
The sapphire surface is ooded with an aqueous hydroxide solution. The hydroxide ions
in the solution interact with the sapphire surface in a few ways, one of which is explained
here. First the alumina ions are freed from the surface by the hydroxide.
Al(OH)3(s) + OH−(aq)→ Al(OH)−4 (l) (2.4)
Then the 퐴푙(푂퐻)−4 ions can begin bond formation via the dimerization process.
2Al(OH)−24 → (HO)
−2
3 AlOAl(OH)
−2
3 + H20 (2.5)
As the pH drops, the silicate ions form a silicate like network. The alumina ions in solution
will chemically react with this silicate network, as the Al atoms replace some of the Si atoms
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a 3D aluminosilicate network is formed.
Si(OH)4 + Al(OH)−4 → (HO)2AlOSi(OH)3 + H20 + OH
− (2.6)
A detailed explanation of these chemical reactions for the formation of hydroxide catalysis
bonded sapphire is given by Ellie [124].
As for fused silica the bonds tend to set within minutes but take weeks to months for the
water to fully leave the bonds [117]. The settling time of bonds between dierent types of
substrate material can be dierent and is investigated in detail in Chapter 3.
2.8 Summary of bonding techniques
Bond Contribution tensile Operating UHV required
technique to thermal noise strength temperatures compatible atness
Epoxy/Glue high,variable** high, variable 210-500 K* most no* none
Indium bonds low for L≤10 µm low 0-300 K yes variable
Glass frit bonds high** high,variable variable yes none
Optical contacts ≈bulk material ≤1.4 MPa[114] 300 K yes 1 nm
Hydroxide catalysis very low ≥15 MPa 0-500 K yes 휆∕10
Table 2.1: Comparison of bonding techniques considered for use in GW detectors. *There are a few
epoxies available from Masterbond that are UHV compatible and have better than average optical
clarity, (EP30-2), and one thermally insulating glue that can be used at cryogenic temperatures,
(EP29LPSP) [86]. **Assumed levels of thermal noise based on the joint thickness.
Bonds with properties such as high thermal conductivity, low mechanical loss (and thus
small eect on thermal noise) and high tensile and compressive strengths are necessary to
join the test masses to their suspension elements in GW detectors. The comparison be-
tween the bonding techniques that could be considered for use in GW detectors is shown
in Table 2.1. Here it can be seen that epoxy and glue adhesives are not applicable. For most
of the adhesives this is due to the resulting thickness of the joints, the narrow range of op-
erating temperatures, and non-UHV compatibility. For Masterbond EP30-2, which is UHV
compatible, the thickness of the joints it creates would result in unacceptably high thermal
noise levels to allow its use in low thermal noise test mass to ear interfaces. Masterbond
EP29LPSP, which can be used at cryogenic temperatures, also has poor thermal conduc-
tivity, which would prevent the necessary extraction of heat from the test mass through
the suspension elements, as well as creating bonds of the order of tens of microns at the
thinnest.
Glass frit bonds, while UHV compatible and having high tensile strengths, are not suited
for cryogenic temperatures. They are also lossy materials due to their composition of glass
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and binder materials. Additionally, the pressure and high temperature thermal cycling nec-
essary for frit bonding would not suit an optically coated test mass and ear. Diusion bonds
can only be used to x metals together, which would not work with the fused silica, sap-
phire, or silicon test masses. Due to their ability to form strong, low noise, UHV compatible
interfaces the only approach that satises all the requirements at room temperature [115]
and cryogenic temperatures [120] are hydroxide catalysis bonds.
In addition to hydroxide catalysis bonds, indium bonds could be considered for use in GW
detectors. While their tensile strength is too low to be used in a high tensile or shear stress
bond, they could be used in compressive joints. The development of reliable and practical
procedures for indium bonding in cryogenic mirror suspensions that retain the desirable
jointing properties in Table 2.1 is required. Approaches to achieve this type of bonding with
thin evaporated layers and foils of indium on silicon substrates are discussed in Chapter 7.
Methods of creating indium bonds in-situ at a detector are investigated as well.
To attain the desired sensitivities the observatories are being redesigned and upgraded us-
ing the knowledge gained from previous generations of detectors to improve the sensitivity
levels by controlling noise sources to a greater degree. Hydroxide catalysis bonding is one
such technology that proved to be a successful integration in GEO600 and a valuable up-
grade to the Advanced LIGO, Advanced Virgo, and KAGRA detectors.
Dierent aspects of bond properties and approaches for GW detectors, with an emphasis
on bonding crystalline silicon, and sapphire suspensions for future detectors is investigated
in this thesis. First, a study on how the curing time of hydroxide catalysis bonds between
sapphire substrates inuences their tensile strength was investigated in Chapter 3 and com-
pared with past results of bonded fused silica. In Chapter 4 the breaking stress of bonds
between m-m and a-a plane sapphire was studied and compared to the breaking stress of
bonded c-c plane sapphire from the previous chapter. A better understanding of the Young’s
modulus of hydroxide catalysis bonds in the cases of fused silica and sapphire is discussed
in Chapter 5. This value is then used in Chapter 6 to calculate more accurate thermal noise
levels of bonds in dierent detector geometries and compare them to detector requirements.
Lastly in Chapter 7 the development of procedures to integrate indium bonds into future
cryogenic ground based GW detectors is discussed.
Chapter 3
Influence of curing time on hydroxide
catalysis bonded sapphire
3.1 Introduction
Due to their noise and thermal conductivity performance at low temperatures, sapphire and
silicon are the top two choices of bulk material for optics in cryogenic ground based de-
tectors. This chapter will focus on the hydroxide catalysis bonding of sapphire substrates,
using sodium silicate solution. The strength of these bonds is tracked as a function of cur-
ing time. Currently hydroxide catalysis bonded sapphire suspensions are a part of the rst
cryogenic ground based detector, KAGRA [64]. Consequently they could potentially be
employed as part of the design for future cryogenic detectors such as ET and Voyager[65].
Therefore it is necessary to know how strong these bonded materials are, and how stable
their strength is over time. Similar curing time experiments of hydroxide catalysis bonded
fused silica were researched prior to their integration into room temperature detectors such
as GEO600, VIRGO, and Advanced LIGO [9, 57, 116]. However, as shown in Chapter 2, there
are dierences in the chemistry of how a hydroxide catalysis bond forms between sapphire
compared to their formation between silica or silicon substrates. Thus it is necessary to
investigate how bonds between materials for cryogenic detectors such as sapphire develop
as a function of curing time.
Previous research on the hydroxide catalysis bonding of sapphire for use in cryogenic GW
detectors suggested that the tensile strength of the bonds was not adversely aected by
cryogenic temperatures, or thermal cycling from room temperature to cryogenic tempera-
tures [120, 125]. Some results indicated higher bond tensile strengths at curing times of 2
to 4 weeks followed by a small decrease at 8 and 12 week curing times[126]. A decrease in
strength as a function of curing time was unexpected behaviour, so to investigate whether
the drop in strength was a statistical variation or something related to the chemistry of age-
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ing bonds, a longer follow-up curing time experiment was envisaged and will be discussed
in this chapter. Bond curing times from 1 week to longer term curing times of 8, 12, and
30 weeks are investigated here. Curing times of less than 2 weeks were included to probe
the gaps in knowledge of how a sapphire bond initially forms. A longer curing time of 30
weeks was also chosen to gain valuable information on the strength and lifetime of any as-
sembled cryogenic sapphire suspensions in which hydroxide catalysis bonds are used. The
content of this chapter has been prepared for publication as The inuence of curing time on
the strength of hydroxide catalysis bonds between fused silica, sapphire, and silicon in [127].
The sapphire and fused silica results in this paper are explained in greater detail in this
chapter in order to include a greater degree of context and understanding, especially in the
areas of surface characterisation and general bond procedure. The conclusion presented
here is the same as in [127].
3.2 Method
3.2.1 Characterisation of substrate surfaces prior to bonding
One hundred and forty polished sapphire samples were procured from Impex [128] in 2015,
a large number in order to attain statistical tensile strength results over a long period of
time. All individual samples had dimensions 5 mmx5 mmx20 mm. The c-axis, shown in Sec-
tion 4.1, was normal to the bond plane, all bond surfaces were in the c-plane. Upon arrival
the samples were visually inspected for defects, and a subset was measured with callipers
near the bond surface to ensure they matched the tolerances outlined in the quoted draw-
ing, shown in Figure 3.1. All samples were within dimension tolerance, measuring 5x5 mm
±0.05 mm. The samples were given serial numbers by scribing them with a diamond scribe
on the long polished 5x20 mm face at the time of visual inspection and dimensional checks.
Further characterisation of the bond surface substrates included atness measurements of
every bond surface. Thus peak-to-valley (PV) atness measurements were taken of each
of the one hundred and forty bond surfaces on a ZYGO GPI XP/D interferometer [129].
Knowing the exact surface prole over the entire 5 mm by 5 mm bond area is necessary to
ensure the absence of peaks or unusual surface topography that could result in low quality
hydroxide catalysis bonds. The substrate PV atness requirement for sodium silicate hy-
droxide catalysis bonds is 휆∕10 over 95% of the bond surface, where 휆∕10 is 63.3 nm or less.
One of these measurements is shown in Figure 3.2 as an example of an acceptable bond
surface atness.
All bond surfaces were measured three times, with the average of each of these mea-
surements shown in Figure 3.3. The average PV atness of all surfaces was 45.8 nm, with
a standard deviation of 18.3 nm. A few of the surfaces had a PV atness that exceeded
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Figure 3.1: Sapphire block sample geometry CAD drawing
Figure 3.2: PV atness map of a typical 5x5 mm sapphire sample, produced with Zygo software [129]
63.3 nm. In these cases the surfaces proles were uniformly convex or concave, with no
edge peaks and so were accepted for this test, while tracking any correlation of breaking
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strength to abnormal atness.
Only one sample had a serious surface defect, which was a non-removable scratch as
Figure 3.3: PV atness of all 5x5 mm sapphire samples
shown in Figure 3.4. Four other samples with serial numbers 3003, 3013, 3133, and 3138
had small point defects that could not be removed with a cerium oxide cleaning. If these
samples were the surfaces to be bonded in a real GW detector it would not be advisable to
use them due to the possibility of a poor bond due to surface defects. For this study, how-
ever, it was decided to spread the samples out between all sets and closely monitor them.
Global atness of a bond surface is one of the most important surface characteristics, for a
hydroxide catalysis bond to form between two substrates they must have a minimal surface
mismatch. It is possible to bond ground fused silica surfaces together if they are at enough,
thus the micro-roughness of the substrates is less important than global atness. However,
the micro-roughness must also be good enough overall to provide well matched bond sur-
faces [118]. With this in mind two other bond surface requirements, micro-roughness and
chamfer measurements, of these samples were also measured. It is possible that peaks of
substrate material form at the edges during polishing which can impact the global atness.
Therefore the addition of a chamfer on the bond surface after the polishing stage is speci-
ed to get rid of possible edge peaks.
Chamfer dimension measurements and micro-roughness measurements were completed
for approximately 30 of the samples chosen at random. Chamfer dimensions were measured
on a Hitachi TM 1000 tabletop Scanning Electron Microscope (SEM)[130]. The chamfer re-
quirement was a width of 200 µm, cut at an angle of 45±5°. The chamfers were measured
on either side of each of the sample’s corners, for a total of 8 measurements per bond sur-
face. They were 177 µm on average for all positions, with a standard deviation of 42 µm.
An example of sample 3003 is shown in Figure 3.5. The chamfer width, averaged over all 8
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Figure 3.4: PV atness map of scratched 5x5 mm sapphire sample, showing scratch in upper right
corner of sample. Produced with Zygo software [129]
Figure 3.5: Chamfer measurements of c plane sapphire bond surface sample 3003 using a Hitachi
SEM [130]
positions per surface for each sample measured, is shown in Figure 3.6.
Similarly, a subset of sapphire samples was also selected to have the micro-roughness of
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Figure 3.6: Average chamfer widths of a subset of c-plane sapphire bond surfaces
their bond surfaces measured, using a Wyko NT1100 white light interferometer[131]. This
was to check that the sample’s Ra roughness (Ra referring to the average deviation from the
mean) requirement of 5 nm rms was met. The average value of Ra roughness at a central
location on the bond samples measured was 3.79 nm, with a standard deviation of 0.84 nm
as can be seen in Figure 3.7. An example of a typical sapphire surface micro-roughness
Figure 3.7: Ra roughness of a subset of 5x5 mm sapphire samples
measurement is shown in Figure 3.8.
Once the bond surfaces were characterised and it was veried that they meet the re-
quirements for atness, micro-roughness, overall dimensions, and chamfer dimensions they
were ready to begin the bond process. The rst step in the bond process was to clean and
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Figure 3.8: Micro-roughness measurement of c plane sapphire sample 3026
prepare the surfaces for bonding.
3.2.2 Substrate bond surface preparation
A very clean substrate surface that is hydrophilic and free from contaminants is neces-
sary to create a good quality hydroxide catalysis bond [118]. Dierent approaches have
been used to attain such surface quality in addition to cerium oxide cleaning, such as expo-
sure to ozone or acid solutions. However the cerium oxide clean remains the most reliable
approach[132]. As such the cleaning procedure used in this chapter and now viewed as
standard for hydroxide catalysis bonded substrates is the one developed for joining the Ad-
vanced LIGO ears to the penultimate masses and test masses [133]. Reverse osmosis (RO)
water was used to clean the substrates to be bonded and to make the bond solution, as the
cleanest form of water available, without ions, salts or contaminants is needed to produce
good quality bonds. De-ionised (DI) and RO water refers to water that has had its ions (i.e
its charge carriers) removed. Thus its quality is described in units ofΩ. 18 MΩ is considered
the standard for good quality RO water for the creation of hydroxide catalysis bonds [133].
The following procedure was used for bond surface preparation in past hydroxide catalysis
bond research. Using the same approach in this study will allow the results to be more
comparable to past curing time test results. The primary steps of the full procedure are as
follows. All are to be performed in a clean room.
42 CHAPTER 3. INFLUENCE OF CURING TIME ON SAPPHIRE BONDS
1. Rinse sample and Anticon gold wipe (or equivalent cleanroom wipe) with 18 MΩ
reverse osmosis (RO) water.
2. Apply a paste of cerium oxide and RO water to the sample and rub with the wipe for
30 seconds to a minute, not allowing the paste to dry on the surface.
3. Rinse the sample and gloves to remove the cerium oxide.
4. Get a new wipe and repeat steps 2 and 3 for a total of two times.
5. Rinse the sample and gloves under RO water until no cerium oxide remains.
6. Apply a paste of sodium bicarbonate and RO water to the sample with a new wipe,
rub for 30 seconds to remove traces of cerium oxide.
7. Repeat step 6 once more.
8. Get a new wipe and fully rinse the sample and gloves.
9. Rinse the sample in spectroscopic grade methanol( >99.9%), keeping the bond surface
up and away from glove ngertips.
10. Wipe sample dry, starting with bond surface and moving away from it.
11. Cover with a new dry wipe until ready to bond.
This procedure ensures the bond surfaces are hydrophilic and free of particulates and or-
ganic residue.
3.2.3 Bonding procedure
The bonding procedure that was used here follows the aLIGO hydroxide catalysis bond
procedure [133]. Sodium silicate solution was used in all cases, to allow the bond strength
to be compared with previous studies of sodium silicate bonded fused silica and sodium
silicate bonded sapphire [126].
1. First prepare the bonding solution. Start with an o the shelf sodium silicate,Na2SiO3,
Sigma Aldrich 338443-1L 10.6% NaOH, 26.5% SiO2 by weight (or equivalent). Do not
use if over one year has passed since procurement.
2. Pour 2 ml of sodium silicate solution into a 15 ml centrifuge tube. Put the lid on and
return the rest of the sodium silicate solution to the chemical cabinet.
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3. Slowly drip 18 MΩ RO water into the centrifuge tube, diluting the sodium silicate
solution until there is 14 ml in total.
4. Close the tube and shake vigorously for 1 minute.
5. Open mixed solution and carefully pour some into three small 1.5 ml centrifuge tubes.
6. Place equidistant around the centre of the centrifuge, close and spin for 30 s.
7. Pour 2/3 of the solution of 2 of the tubes into the outer part of a medical lter [133].
(Leaving 1/3 behind will also leave behind large particulates.) Only ll the lter until
it reaches the stepped edge, otherwise there is too much solution for the lter to
eectively handle.
8. Press the inner part of the lter straight down until a click is heard, thereby ltering
the solution.
9. Wipe down a clean area under a ow bench and change gloves.
10. Use a 2-20 µL variable volume pipette with tip ejector such as Eppendorf 200 to set
the amount of solution to suit the bond area. The aLIGO procedure recommends
0.8 µl cm2−1 for small bond areas. Set the pipette to a value calculated from the surface
area of the bond samples.
11. Gather the samples to be bonded. Wipe the bond surface with a new clean room wipe
soaked in spectroscopic grade methanol ( >99.9%) and inspect in a bright light source,
like a bre optic light, for surface defects or contamination.
12. Insert the pipette into a clean tip, being careful not to touch the clean tip to any
surface.
13. Slowly insert the clean tip into the medical lter tube of bond solution, only far
enough to have the tip under the solution surface. Withdraw solution and place care-
fully onto the rst bond surface. The pipette should be close but not touching.
14. Carefully place the second bond surface onto the rst.
15. Remove the pipette tip and close the medical lter of bond solution.
16. Inspect the bonded interface.
For bonded fused silica the bond will immediately look mostly transparent. However, in
the case of bonded sapphire the index mismatch between bond solution and sapphire is
greater. This means the bond will look more reective to start, and then more transparent
over time as the bond cures and water leaves the bond. In all cases, take note of any bubbles
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that are visible in the bond, both right after bonding. The bonds can be checked in intervals
of 1-2 hours during the rst day, then twice a day for a few days afterwords. If the bond
has visible contaminants in it then it is advisable to de-bond immediately. It is advisable to
de-bond and re-bond if there are bubbles that take up 5% or more of the total bond area,
especially if the large bubbles do not move towards the edges over a 3-4 hours. De-bonding
can be done up to 8 hours after the initial bond is formed. The samples can be carefully
de-bonded under RO water, re-cleaned, and re-bonded as per the above procedure.
To get statistical results over the broadest range of curing time possible with the amount
of procured samples it was decided to test the bond strengths at 1 week, 2 weeks, 4 weeks,
8 weeks, 12 weeks, and 30 weeks. Batches of 20 samples were cleaned and bonded as per
the procedure above between November 2016 and January 2017, to attain 10 bonds per set.
The timing of each bonded set allowed the strength testing of 1, 2, 4, 8, and 12 week old
bonds to be conducted on the same day, February 1st 2017. One set of 20 samples, bonded
and set aside for a 30 week cure, was then strength tested on September 20th 2017.
3.2.4 Tensile strength testing
The tensile strength of each hydroxide catalysis bonded sapphire sample was measured us-
ing a four-point bending test, following the mechanical testing standard outlined in ASTM
C1161-13 [134]. This procedure is an industry standard to test the exural strength of brittle
materials such as fused silica and so has been used in the GW community as a standard to
assess the tensile strength of hydroxide catalysis bonded fused silica, sapphire, and silicon
for GW detectors [121, 122].
A Zwick-Roell 200 kN machine [135], with a 25 kN load cell was used in this study. The
schematic on the right side of Figure 3.9 shows how the force was applied to the bonds.
A jig was specially made to hold and apply force to bonded samples as in the schematic, a
picture of the actual jig is on the left of Figure 3.9. The metal foot of the jig was clamped
into the top of the strength tester and carefully aligned to the bottom part of the mount in
order to provide straight and equally distributed force onto the bonded samples. Then the
foot was lowered down to the top of the bonded sample, contacting it via two metal rods a
distance l apart. The sample sat on two metal rods below it, a distance L apart. This ensured
the even distribution of force to the bonded sample via four line contacts.
The loading arm of the machine provided the necessary force, F, on the bond interface. The
starting point of the test was dened by pressing down on the bond sample with a user de-
ned pre-load, in this case it was 1 N. The speed at which the loading arm moved was also
user dened, in this case it was 2 mm/minute for all hydroxide catalysis bonded sapphire
samples. The force at which each bond broke was recorded. The broken samples were then
removed from the strength tester and the bond surfaces inspected. Dierent characteristics
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of the bond surface post-break such as non-uniformities in the bond, damage to substrates,
and bond layer discolourations were photographed and recorded to see if any correlations
between tensile strength and bond interface appearance could be made.
The equation for the tensile strength of the bond, using the maximum recorded breaking
Figure 3.9: On the left is a hydroxide catalysis bonded sapphire in strength tester, on the right is the
schematic for the same set-up.
force registered is [121]
휎푚푎푥 =
3(L − l)F
2bd2
(3.1)
where F is the force at break, L is the distance between the sample supports, l the distance
between the rod contacts of the pressure foot, b is thickness and d the width of the bonded
sample as shown in the schematic in Figure 3.9. For this study, L=34 mm ±0.1 mm, l=20 mm
±0.1 mm, and b=d=5 mm ±0.05 mm.
3.2.5 Mechanisms of water bonds and their contribution to hydrox-
ide catalysis bond strength
The contribution of water to the initial strength of hydroxide catalysis bonds is investigated
here. After the polymerisation stage of hydroxide catalysis bonds, the bond interface is full
of siloxane chains and water. The water then leaves the bond during the last dehydration
stage. It is at this point between the polymerisation stage and the end of the dehydration
stage that we see the drop in tensile strength, so it is of interest to review how the presence
of H2O molecules could lead to an initially higher bond strength.
The positive and negative charges in H2O molecules are not distributed uniformly, which
leads to the water molecules having large dipole moments. The negative end of one water
molecule will orient itself to be close to the positive end of another nearby water molecule.
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This dipole-dipole attraction is weaker than that of covalent or ionic bonds. However in liq-
uid water where the molecules are close together these bonds form between neighbouring
hydrogen and oxygen atoms of adjacent water molecules. This process is called cohesion
[136].
When H2O molecules come in contact with a surface they can bond to it via hydrogen
bonds, in a process called adhesion. The level of adhesion depends on what characteristics
the surface has. The substrates used in hydroxide catalysis bonds in GW detectors are very
clean, hydrophilic, 휆∕10 at surfaces. The hydrophilicity of both the sapphire and fused
silica surfaces encourages the quick spread of water and creation of hydrogen bonds be-
tween the substrates and the water molecules. This property by itself indicates a high level
of adhesion occurs in the initial stages of bonding [137]. The cleanliness and atness of
all the bond substrate types will also increase the creation of hydrogen bonds, unimpeded
by surface features or contaminants that would prevent bonds. In the case of fused silica,
its SiO2 molecules are also polar. This means water will readily adhere to it, the oxygen
atoms on the fused silica surface form hydrogen bonds with H2O molecules, as shown in
Figure 3.10. Sapphire, Al2O3, also has oxygen molecules that can form hydrogen bonds
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Figure 3.10: Hydrogen bonds between water molecules and a fused silica surface. Hydrogen bonds
indicated by dashed line, covalent bonds by a solid line.
with water. However if the sapphire substrate is a pristine and unbroken crystal the oxy-
gen atoms are bound tightly within the crystal lattice and it cannot form hydrogen bonds as
readily as fused silica [138]. However, sapphire substrates are mechanically polished dur-
ing manufacturing, and additionally prior to bonding using cerium oxide. This mechanical
polish breaks up the connections between alumina molecules across the surface. This pol-
ish step is thought to allow the hydroxide catalysis bond to free aluminium atoms from the
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Al2O3 substrate in order to form aluminosilicate networks, and would also allow water to
permeate the partially broken Al2O3 connections to form hydrogen bonds with the oxygen
atoms. In most cases fused silica is also cerium oxide cleaned before bonding, which may
also increase bonds between the water molecules and free oxygen atoms on the fused silica
surface.
In the literature, a correlation between hydrogen bonds and improved compressional strength
and torsional modulus of rigid-rod polymers has been shown [139], as well as the impor-
tance of water in hydrogen bond formation between paper bres that produces the highest
breaking length and tear resistance compared to other tested solvents [136]. For hydroxide
catalysis bonded fused silica and hydroxide catalysis bonded sapphire, how much the hy-
drogen bonds add to the overall bond strength is dicult to predict, as the bond solution is
made up of not only water but also sodium silicate. The siloxane chains (or aluminosilicate
networks) that form lattices between the substrates during the bonding process must form
alongside, and interact with, the water molecule’s hydrogen bonds. Thus, how the two
mechanisms contribute to the overall bond strength is intertwined.
The water leaves the hydroxide catalysis bond via evaporation to air and diusion through
the substrates it is attached to, as outlined in Section 2.7. It would be expected that there
would be a dierence in how these bonds evolve over time between substrates of dierent
materials, as water diuses into dierent materials at dierent rates. Here we will look at
the diusion of water through amorphous fused silica and through single crystal sapphire.
Both the fused silica substrates and the sapphire substrates were mechanically polished us-
ing cerium oxide prior to bonding, which is assumed to increase the permeability of both
the materials.
Most research on the rates of water diusion in materials are based on infra-red optical
absorption measurements of the materials, at temperatures of 400 celsius or higher, since it
is dicult to measure the eects at lower temperatures. The lowest temperature that was
found was the diusion of water into glass at 400 ◦C [140].
Water diusion through single crystal sapphire is presumed to happen along dislocations
[138]. The number of dislocations and thus the rate of diusion depends on the crystal
plane orientation and the state of the surface layer in contact with the bond solution. In
this case the bond surface was c-plane sapphire, with the mechanical cerium oxide polish
increasing the number of dislocations on the surface.
The rates of water diusion through fused silica are also dependent upon temperature.
However the mechanism of movement is the same at all temperatures in that the water
molecules move through the silica, reacting with it as they go and forming stationary hy-
droxyl, HOSi, as follows [141]
Si−O−Si + H2O ←←←←←←←←←→ Si(OH) + HOSi (3.2)
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Even with the increase in dislocations via a mechanical polish the diusion rate of water
through bulk sapphire would be much slower than through fused silica[138, 141]. In all
cases, the water evaporates over time and as such the additional bonds between the water
molecules and the bond substrates would be seen to weaken and eventually disappear, while
the silicate lattices continue to form and strengthen and the bond strength levels o and
stabilises. In the case of hydroxide catalysis bonded sapphire, the presence of a water bond
would be expected to decrease in strength much more slowly than a water bond between
fused silica due to a slower diusion rate. The rates of bond strength settling times between
these two dierent substrates is compared in the next section.
3.3 Results and analysis
These results include the tensile strengths of all bonds where more than 80% of the bond
interface did not have any visible contaminants or air bubbles, which will be referred to
here as "bond quality better than 80%". All samples were cleaned with cerium oxide, and
bonded with 1:6 sodium silicate and 0.8 µl/cm2 as per the procedures above and cured at
room temperature.
All of the bonded samples except one, with serial numbers 3050/3051, had bond quality
better than 80%. The tensile strength of nine substrates that exceeded specied atness,
roughness, or number of visible surfaces defects, are shown in Figure 3.11. The sample
Figure 3.11: Breaking strength of individual hydroxide catalysis bonds in blue diamonds where one
substrate had high atness, roughness, or surface defects. The average breaking strength and stan-
dard deviation of the batch that the sample was in is shown in orange bars for comparison.
with the worst scratch on it, 3082, had a breaking strength of 38.6 MPa in the 2 week set
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where the average strength for that set was 36.9 MPa. Similarly the rest of the 9 samples
that did not meet a roughness, atness, or defect requirement were all within the average
tensile strength and standard deviation of the batch they were in, and thus could not be
correlated to an abnormally low breaking strength. This is seen in Figure 3.11.
The 1, 2, 4, 8, 12, and 30 week old curing time results from this study are shown in Fig-
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Figure 3.12: Strength of hydroxide catalysis bonded c plane sapphire as a function of curing time.
M.Phelps results
ure 3.12, where the data are t against linear and exponential models.
The initial drop in bond strength was concerning; if the hydroxide catalysis bond strength
drops too low over time it could become a concern for suspended optics system failure. The
푅2 = 0.64 value of the linear t, 푦 = −0.8푡+38, and the푅2 = 0.71 value of exponential t,
푦 = 25.8 ⋅ exp(−0.09푡) + 15.8, suggest the exponential t is a better match for the data. The
linear t could be used as a worst case scenario suggesting that the bond strength would
drop to zero in 38 weeks, where the exponential t suggests the strength will level o at
15-16 MPa.
The 1, 2, 4, 8, and 12 week old 2017 breaking stress results proved to be in reasonable agree-
ment with those produced in 2014-2015 by R. Douglas. Both sets of data show a slight drop
in bond strength from one week to 12 weeks, with the addition of the 30 week results from
2017. All data are plotted with linear and exponential ts in Figure 3.13.
To compare the hydroxide catalysis bonded sapphire results found in this study data to hy-
droxide catalysis bonded fused silica, the tensile strength results of sodium silicate bonds
between fused silica substrates over time from past studies were plotted and tted to an
exponential as well, in Figure 3.14.
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Figure 3.13: Strength of hydroxide catalysis bonded c plane sapphire over time. M.Phelps and R.
Douglas 2014-2017 combined results
It is proposed here that the initially higher bond strength of hydroxide catalysis bonded
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Figure 3.14: Combined curing time tensile strength results of hydroxide catalysis bonded fused silica
sets made between 2009-2014.
fused silica and sapphire seen in both Figure 3.14 and Figure 3.13 is due to the presence of
water forming additional hydrogen bonds between itself and the substrate surfaces, which
decreases as the water evaporates and the silicate lattices stabilises.
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3.4 Conclusions and recommendations
The tensile strength results of both the hydroxide catalysis bonded fused silica and the hy-
droxide catalysis bonded sapphire show an initial drop in strength, though at dierent rates,
and levels o at 15-16 MPa. It should be noted that this hydroxide catalysis bonded fused
silica data were collected over many years by dierent users and dierent types of fused sil-
ica substrates, and volumes of sodium silicate solution so while the ts are both not as close
to the data, they still follow a similar trend. Most importantly, as we know that hydroxide
catalysis bonded fused silica has been a part of GW detector suspensions for longer than
seventeen years without failing [6], as such this comparison indicates hydroxide catalysis
bonded sapphire suspensions should also level o to a strength of around 15 MPa instead
of failing altogether.
The requirement for the tensile strength of hydroxide catalysis bonds in a cryogenic sap-
phire detector such as KAGRA is 1 MPa [142], so a level o at 15 MPa would be more than
acceptable, leaving a safety factor of 15.
How the tensile strength of hydroxide catalysis bonded sapphire and bonded silicon devel-
ops over curing time periods of years could also be investigated for completeness. Further
investigation into the exact role that water plays in hydroxide catalysis bond formation
could also be pursued.
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Chapter 4
The strength of hydroxide catalysis
bonds between sapphire of m and a
crystal orientations
4.1 Introduction
Sapphire, or Al2O3, is an anisotropic crystalline material made up of alumina and oxygen
atoms. How the alumina and oxygen atoms order themselves in the hexagonal crystal lat-
tice is dierent depending on the plane orientation, which is shown in Figure 4.1 [143]. Sap-
Figure 4.1: On the left, alumina and oxygen atoms in the a, m, and c sapphire planes. On the top right
an example of how a laser beam should be oriented with respect to the c-axis to avoid birefringent
eects. The planes of sapphire are shown in the diagram below it in the bottom right.
phire exhibits birefringent behaviour. This means that dierent polarisations of light will
see dierent eective indices of refraction within the material, and be refracted through it at
dierent angles. For a GW detector with a laser source and a sapphire optic, this dierence
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in refraction between source polarisation would be a serious source of optical distortion.
Thankfully, sapphire does not exhibit this birefringent eect along all crystal planes. A
light source that shines through the crystal parallel to the c-axis, indicated by the arrow
coming out of the top of Figure 4.1, will not be distorted by sapphire’s crystal structure.
However, if the direction of the light source is changed to pass perpendicular to the a, m,
or r-planes, it would be refracted due to the birefringent nature of the crystal structure
at those orientations [143]. Therefore, in cryogenic GW detectors that have sapphire test
masses and suspension elements, the c-axis must align with the laser beam of the detector,
as this will not produce any birefringent eects which would induce optical noise. This
denes the optical faces of sapphire test masses to be in the c-plane orientation.
However, the hydroxide catalysis bond interfaces may be between any number of dier-
ent sapphire planes. Thus the strength of bonds between sapphire of dierent orientations
and temperatures has been an active area of research. The breaking stress over time at
room temperature of c-plane to c-plane bonds was reported in the previous chapter to have
breaking stresses that settle to 15 MPa for bonds cured for 7 months. Additionally, in the
literature the shear strength of c-c, c-a, and c-m bonds has been investigated at cryogenic
temperatures. These were also found to have suitably high tensile strengths, averaging
23 MPa for 4 week old bonds [125].
While c-c plane bonds as well as cross-axis bonds of c-a and c-m had been measured pre-
viously, the breaking stress of bonds between a-a and m-m plane sapphire had not. Thus
the breaking stress of m-m and a-a plane bonds were studied here, after a curing time of 4
weeks at room temperature.
The a plane and m plane were focussed on as more probable crystal planes for a test mass
to ear interface where the test mass face was dened to be in the c-plane.
4.2 Method
For this study 44 samples of 5 mm×5 mm×20 mm sapphire rods were procured from Impex
[128], half of which had the bond surface in the a-plane and the other half in the m-plane.
All samples were characterised, cleaned, and bonding solution prepared following the same
bond procedure as in Chapter 3 for the c-c plane curing time tests. The PV atness of the
a-plane bond surfaces was measured to be 30 ± 5 nm, and 33 ± 5 nm for the m-plane bond
surfaces. A 0.1 µL volume of 1:6 sodium silicate solution to RO water was used for all bonds.
Only the crystal orientation that was bonded was dierent between procedures carried out
in this chapter and the previous chapter.
All samples were cured for 4 weeks and then their breaking stresses recorded following the
same tensile strength test procedure outlined in Chapter 3. This was done with the aim of
making direct comparisons of m-m and a-a data with previous breaking stress results of c-c
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sapphire bonds cured for 4 weeks at room temperature.
4.3 Results and discussion
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Figure 4.2: Tensile strength comparison of c-c plane, a-a plane and m-m plane bonds cured for 4
weeks.
The comparison of 4 week old bonds between c-c, a-a, and m-m plane sapphire is shown in
Figure 4.2. The average breaking stress of the a-a plane bonds was found to be 56 ± 13 MPa
and the average of the m-m plane bonds was 51 ± 9 MPa. The averages of the three sets of
c-c plane sapphire bonds in Figure 4.2 were 31 ± 5 MPa, 48 ± 7 MPa, and 34 ± 8 MPa.
The breaking stress results obtained in this chapter are also plotted in Figure 4.3 along with
c-c plane results of varying ages to indicate how their average breaking stress compares
to bonds of other ages. The averages of the a-a and m-m plane bonds were slightly higher
than those of 4 week old c-c plane bonds, however they are still within error, as shown in
Figure 4.2 and Figure 4.3.
Interestingly, the majority of the sapphire substrates in this study were damaged during
strength testing. 8 of the 11 a-a plane bonds and 5 of the 11 m-m bonds broke along one
or both of the sapphire substrates (as well as the bond interface). Conversely, all of the c-c
plane bonds reported in Chapter 3 (over 100 bonds) broke along the bond interfaces only,
leaving the substrates intact. Similarly, the majority of the cryogenic cross axis tests of
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Figure 4.3: Tensile strength comparison of 4 week old a-a plane and m-m plane to c-c plane bonds
of varying ages.
bonded c-a and c-m planes broke across the bond interface, with reported substrate dam-
age in only 4 of the 54 samples [125].
Sapphire does not exhibit strong cleavage in general along its crystal planes. Its basal plane
(parallel to c-plane), with interchanging O-Al-Al-O-Al-O layers, has no conditions for cleav-
age to occur. In other planes, such as (1011), there are weaker O-O bonds which could allow
for some cleavage [143]. This could be the reason for seeing a higher percentage of sub-
strate damage in this study when compared to bonds made between c-plane sapphire.
Comparing the average breaking stress results of hydroxide catalysis bonds between sap-
phire of dierent crystal orientations it can be seen that while there may be dierences
in the type of break and the extent of damage to the substrates, bonds between the a-a,
m-m, and c-c plane sapphire compared here were found to be suciently strong to be used
in typical mirror suspensions. Hydroxide catalysis bonds can be considered for bonding
dierent planes of sapphire together without a compromise in strength.
Chapter 5
Measuring the Young’s modulus of
hydroxide catalysis bonds
5.1 Introduction
Hydroxide catalysis bonds are currently a core technology for all operating room temper-
ature ground-based detectors, and as such their material properties have to be well under-
stood. In particular, it is necessary to know material properties such as density, Poisson
ratio, and Young’s modulus that are used in thermal noise calculations, which is explained
in detail in Chapter 6. The density of hydroxide catalysis bonds has been previously cal-
culated [144] and the Poisson ratio is assumed to be the same as fused silica, indicated by
some mechanical loss models [145]. The Young’s modulus, however, is challenging to char-
acterise due to the bonds being very thin and poorly accessible.
The Young’s modulus, or elastic modulus, is the ratio of stress to strain in a material. This
ratio shows how easily a material deforms and how it will respond to stress[146].
Measurements of the Young’s modulus of materials are often carried out with methods in-
volving direct contact of the material in question. Measurements of bulk materials can be
made by deforming the material elastically by bending or extending, while measuring the
force applied and the deformation of the material [146]. From this information the Young’s
modulus can be determined. For smaller samples and thin coatings, nano-indentation as
well as atomic force microscopy (AFM) measurements are used [124, 147]. AFM and nano-
indentation both operate by directly contacting a test material with a sensitive probe. The
probe measures the material’s response to an applied force in terms of the vertical distance
travelled, eectively measuring the amount a material is deformed.
In the case of hydroxide catalysis bonds, measuring the Young’s modulus with any of the
techniques above is inherently dicult. The bond is by default strongly adhered to two
larger rigid substrates, and is also very thin, usually of order 60 nm [77, 148].
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Past attempts at measuring the Young’s modulus of hydroxide catalysis bonds by nano-
indentation or AFM have included the use of chemical etches or mechanically cutting
though bonded samples to expose the bond for nano-indentation [124]. The concern with
direct contact methods is that they could change the properties to be measured as the bond
is exposed during sample preparation. For example, a chemical etch could weaken the bond
or change its chemical composition as it etches the substrate away, and slicing through the
bonded substrates could easily weaken or shatter the bond material left behind. In addi-
tion, the thin bond presents diculties as it pushes the edge of resolution of most nano-
indentation probes [124].
There is one single measurement of a sodium silicate bond available in the literature, a
value of 7.9 GPa with no known statistical errors [148]. In this measurement the bond
was altered to make it articially thick to allow for a nano-indentation measurement. This
value has been used in calculations of thermal noise arising from the bonds for aLIGO in
the past[77]. As the sensitivity of detectors improves it is necessary to obtain more accurate
values for the bond properties since they are used in the construction of the detector mir-
ror suspensions, and contribute to the overall thermal noise budget of the detectors. Here a
non-destructive method of measurement is investigated, using acoustic pulses at ultrasonic
frequencies that do not require alteration or destruction of the bonds. This measurement
technique and the results are outlined in this chapter, as well as two analysis approaches to
extract the Young’s modulus of the bond from the measured data. In Chapter 6, the impact
of the new Young’s modulus values on thermal noise budgets of GW detectors is discussed.
5.2 Theory of ultrasonic measurements
Ultrasonic waves, or ultrasound, are sound waves produced at frequencies higher than the
upper audible limit of human hearing, in the 20 kHz to high GHz range [149]. The trans-
mission and reection of ultrasonic waves through materials is used as a non-destructive
method of probing hidden properties in many dierent elds. Though most familiarly it is
used in medicine to safely image the interior of the human body; it also has many indus-
trial applications as well, such as looking for unseen welding aws inside manufactured
parts [149]. Ultrasonic pulses can also be used to measure material properties such as the
Young’s modulus [150]; hence, this technology was considered as a non-destructive means
to determine the Young’s modulus of hydroxide catalysis bonded samples.
An acoustic wave signal that passes from one medium to another can be expressed in terms
of the acoustic impedance of each medium. Upon encountering a change in the medium
type, part of the signal will be reected and the rest transmitted. Equation 5.1 shows the
relationship between the fraction of the amplitude of a wave travelling through medium
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one and reecting o medium two, where 푍푖 is the characteristic acoustic impedance of
the medium passed through by an acoustic wave.
푅2,1 =
||||푍2 −푍1푍1 +푍2 |||| (5.1)
푍푖 = 휌푖 ⋅ 푣푖 where 푣 is the acoustic velocity, and 휌 the density of the medium. The acoustic
impedance Z is calculated as 푍푎푖푟 = 331.4 m/s⋅1.225 kg/m3 = 406 Rayls and 푍푠푖푙푖푐푎 = 5931
m/s⋅2200 kg/m3 = 1.3 ⋅ 107 Rayls. The equation for the reection of a silica-to-air interface
is as follows.
푅silica,air =
||||푍air −푍silica푍silica +푍air |||| = ||||331.4 − 13 ⋅ 106331.4 + 13 ⋅ 106 |||| = 0.99 (5.2)
In practice the amplitude of the input signal cannot be measured directly in the experimen-
tal set-up described in the next section, as the input peaks include a number of additional
noise sources such as electronic noise, damping inside the transducer, and edge eects from
contacting the sample’s surfaces. Thus as the amplitude of the back reection is assumed
to be 99% of the incident wave, it is used as a proxy for the input signal scaled by 100∕99.
Since the above equation applies to waves passing from one medium to another, not through
layered mediums, a dierent equation is needed to quantify a reection from a thin bond
interface [149].
An expression for an acoustic pulse reected from a thin layer between two much thicker
materials that takes into account the layer thickness is needed to calculate the reected sig-
nal from the hydroxide catalysis bond. To determine it the technique outlined in Physical
Acoustics [151] was followed. An equation for푅bond was derived from the complex pressure
amplitudes of incident waves, 푃incident = 퐴푒푖(푤푡−푘푥) and reected waves, 푃ref lect = 퐵푒푖(푤푡+푘푥).
Applying acoustic impedance continuity boundary conditions at the start and end of the
layer, 푥 = 0 and 푥 = 퐿, between two substrates of the same material type such that푍1 = 푍3
the following is obtained
푅bond =
푖(푍2
푍1
− 푍1
푍2
) sin(푘2퐿)
2 cos(푘2퐿) + 푖(
푍2
푍1
+ 푍1
푍2
) sin(푘2퐿)
(5.3)
where 푍1 is characteristic acoustic impedance of the rst and third medium, in this case
the substrate material, 푍2 is the characteristic impedance of the second medium, in this
case the bond material. 퐿 is the bond thickness and 푘2 is the wave number for the bond
medium.
For cases where 휆푎푐표푢푠푡푖푐 ≫ 퐿, the quantity 푘2퐿 is very small, and thus sin(푘2퐿) ≈ 푘2퐿
and cos(푘2퐿) ≈ 1 −
(푘2퐿)2
2
by way of the small angle approximation. This applies to the
experiment outlined in this chapter, as 휆푎푐표푢푠푡푖푐 ≈ 50 µm and the thickness of the hydroxide
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catalysis bonds are of order 퐿 ≈ 50 nm. This approximation simplies the equation to:
푅bond =
푖(푍2
푍1
− 푍1
푍2
)푘2퐿
2(1 − (푘2퐿)
2
2
) + 푖(푍2
푍1
+ 푍1
푍2
)푘2퐿
(5.4)
Similarly the 퐿 and 퐿2 terms in the denominator can be approximated to be zero for small
values of 푘2퐿, and so the denominator is ≈ 2, which gives the following form of the equa-
tion.
푅bond = 푖
[
푍2
푍1
−
푍1
푍2
]
푘2퐿
2
(5.5)
The general equation for acoustic impedance is 푍 = 휌 ⋅ 푣 where 푣 is the acoustic velocity
and 휌 the density of the medium. The Young’s modulus is the value of interest in this ex-
periment. Therefore the acoustic velocity is expressed as a function of the Young’s modulus
of the material, 퐸, and its density, 휌, where 푣 =
√
퐸
휌
. Thus Z can be expressed as
푍푗 = 휌푗 ⋅
√
퐸푗
휌푗
=
√
휌푗퐸푗 (5.6)
Additionally, if the densities of the bond material and the substrate materials are not equal
then the following form of푅bond is used, where the wave number 푘 is also expressed in terms
of acoustic velocity and the frequency of the acoustic source, i.e the ultrasonic transducer,
푘2 =
2휋
휆2
= 2푓휋
푣2
. Simplifying all these terms gives the following form of 푅bond.
푅bond = 푖
[√
퐸2휌2
퐸1휌1
−
√
퐸1휌1
퐸2휌2
]√
휌2
퐸2
휋푓퐿 (5.7)
The density of hydroxide catalysis bonds was calculated in prior experiments to be the same
as fused silica [144]. Thus for hydroxide catalysis bonded fused silica the impedance terms
simplify to ratios of the Young’s modulus of fused silica, 퐸1, and of hydroxide catalysis
bonds, 퐸2, as
푍1
푍2
≈
√
(퐸2
퐸1
).
푅bond = 푖
[√
퐸2
퐸1
−
√
퐸1
퐸2
]√
휌2
퐸2
휋푓퐿 (5.8)
Using the dierent forms of푅푏표푛푑 in Equation 5.3, 5.4 and Equation 5.8 to calculate what the
reection coecient would be from a hydroxide catalysis bond between fused silica sub-
strates at 푓 =12 MHz, all three equations give the same value for 푅푏표푛푑 for bond thickness
values of nanometres to a few microns. For 퐿 =7 µm and higher, the reection coecients
calculated from these three equations dier by < 2% as the small angle approximations
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made to arrive at Equation 5.8 become less true for larger L values. Realistic bond thick-
ness values are of order 100 nm or less, for which the calculated 푅bond results are the same
for Equation 5.3, 5.4 and Equation 5.8.
To analyse hydroxide catalysis bonded sapphire or indium bonded silica, where the densi-
ties of the bonds are dierent from the substrate densities Equation 5.7 must be used, for
hydroxide catalysis bonded fused silica the density of the bond and substrate material are
the same, so Equation 5.8 is used.
5.3 Method of ultrasonic reflection measurement
The ultrasonic measurements in this experiment were made using a transducer that was
contacted with glycerine to one side of a bonded substrate doublet. The majority of samples
measured were two fused silica substrates with a hydroxide catalysis bond in the middle.
However one sample was made up of two sapphire substrates with a hydroxide catalysis
bond in the middle, and three indium bonded fused silica samples were also measured.
The glycerine gel was used to improve the acoustic coupling between the transducer and the
sample. Several types of transducers were tried, with dierent operating frequencies and
damping levels. Attempts to achieve an operating frequency range of 20 MHz to 50 MHz
were made by depositing a ZnO lm directly to the sample to act as the transducer. How-
ever the lm was not optimised and the signal was overwhelmed by high frequency noise
sources from the rest of the lab.
The transducer that had the best combination of damping and high SNR was the Sonatest
SLIH 10-10 transducer [152], with a centre frequency of 12 MHz and a bandwidth of 6 MHz
to 15 MHz. This was used for the rest of the study.
The transducer is powered by a JSR Ultrasonics DPR300 pulser/receiver control box [153],
which sends out an ultrasonic pulse that travels through the fused silica, and is reected
back to the transducer from the embedded hydroxide catalysis bond and the rear face of the
sample. The DPR300 control box settings were as follows. High-pass: 15 MHz, low-pass:
5 MHz, relative gain: 30 and 6, prf rate: 8, pulse amplitude: 1, damping: 8.
A schematic of the set-up is shown in Figure 5.1. The rst reection is from the bonded
interface, the second from the silica to air boundary on the other side of the sample. Both
reected signals are received back by the same transducer that sent the pulse. The reected
signals are then viewed and captured on a 200 MHz oscilloscope, averaged 4096 times to
attain the data. Measurements are repeated an average of 10 times per transducer location
to allow an estimation of error to be made.
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Figure 5.1: Experimental setup schematic
5.4 Measurements of hydroxide catalysis bonded fused
silica
Hydroxide catalysis bonded fused silica is currently in use in all room temperature detec-
tors, so updating the knowledge of its Young’s modulus was the rst priority of this exper-
iment. Thus this study focussed on fused silica samples bonded with 1:10 and 1:6 sodium
silicate solution in RO water. The transducer diameter, 10 mm, meant the bonded sample
had to be at least this size or bigger to measure them. Fused silica discs, of 25 mm diameter
or larger and 6 mm thick were used. An un-bonded fused silica cylinder calibration sam-
ple was measured as well. Of the hydroxide catalysis bonded fused silica samples, some
had small air bubbles trapped in the bond. The air bubbles have a very high impedance
mismatch with the fused silica substrates compared to hydroxide catalysis bonds and the
resulting reected signal was increased by several orders of magnitude, as can be seen in
Figure 5.2.
Given their strong signal, the air bubbles were initially used as landmarks to indicate that
the measured reected signal was indeed from the bond interface. Moving over the bubble
caused an increase in reected signal amplitude and moving away from it caused the signal
to decrease in amplitude but still remain in the same position and phase. After this initial
check the bonded samples that had air bubbles in them were not included in the analysis, as
the air bubbles greatly inuenced the bond signal, even when the transducer was near but
not directly over an air bubble. Only the highest quality bonded fused silica samples were
used in the nal analysis, the characteristics of which are detailed in Table 5.1. A fused
silica cylinder with no bond in it, of the same length as the majority of the bonded discs,
12 mm was used as a reference sample, with its reection data is shown in Figure 5.3 and
Figure 5.4. The reference sample was also used to double-check the speed of sound though
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Figure 5.2: Acoustic pulse reected from air bubble in hydroxide catalysis bonded fused silica
Sample Transducer Position Sodium Silicate to RO water ratio Diameter x Length (mm)
1 top 1:6 25x12
1 bottom 1:6 25x12
1 center 1:6 25x12
1 left 1:6 25x12
1 right 1:6 25x12
2 center 1:6 25x12
3 center 1:6 25x12
4 center 1:6 50x10
5 center 1:6 50x24
6 center 1:10 50x10
Table 5.1: Characteristics of hydroxide catalysis bonded fused silica samples
bulk silica, calculated by 푣푠표푢푛푑 = 2 ⋅푑∕훿푡. Here 훿푡was measured to be 4.273±0.002 휇s and
푑 = 12.5±0.2mm, giving 푣푠표푢푛푑 = 5851±93m/s, compared to known values of 5896 m/s for
bulk fused silica and 5760 ms for thin rods[151]. Finally in Figure 5.5 and Figure 5.6 there
is an example of the acoustic pulse reection data of a hydroxide catalysis bonded fused
silica sample. In Figure 5.5 the signal from the bond interface is shown in the middle, and
the larger reection from the silica-to-air interface is on the right. The zoomed in portion
of the bulk silica in Figure 5.4 shows the noise background and is visibly dierent to the
bond reection signal at the same position within the bonded sample, shown in Figure 5.6.
Here an ultrasonic pulse comes out of the transducer, travels through the fused silica, and
is reected back to the transducer rst from the bonded interface and second from the silica
to air boundary on the other side of the sample, shown in Figure 5.5.
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Figure 5.3: Acoustic pulse reected from the 12 mm long silica cylinder used as a reference sample.
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Figure 5.4: Zoom in of 12 mm long silica cylinder reference sample (middle).
5.4.1 SEM thickness measurements of bonds between fused silica
One of the variables that is needed to calculate the bond’s Young’s modulus from the re-
ected acoustic pulse is its thickness. Measurements of other bonded samples have been
shown to be in the range of 10 nm to 100 nm [77, 148]. However, the exact thickness was
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Figure 5.5: Acoustic pulse reected from 10 mm long hydroxide catalysis bonded fused silica sample.
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Figure 5.6: Zoom in of acoustic pulse reected from a 10 mm long hydroxide catalysis bonded fused
silica sample.
not known for these samples. To measure them directly, the bonded samples were imaged
using a FEI Nova 200 Dual beam FIB system scanning electron microscope(SEM) [154] at
Glasgow University.
In order to measure the sample bond thickness with an SEM, the bonded fused silica discs
66 CHAPTER 5. MEASURING THE YOUNG’S MODULUS OF BONDS
were cut into slices of 2 mm to 3 mm wide with a Logitech model 15 disc saw [155] with
a diamond rimmed steel blade, after all ultrasonic measurements were complete. See Fig-
ure 5.7 for a diagram of sample preparation. The slices were serialised after cutting and
Figure 5.7: Preparation of bonded samples for SEM imaging
prior to polishing so that thickness measurements could later be mapped to each physical
location on the sample.
After the samples were cut they were xed with Glycol Phthalate bonding wax (Logitech
0CON-324 [155]) onto a steel chuck and polished with a PM5 Logitech Polisher [155]. The
samples were polished across the bond rst with 600 grit silicon carbide, then with 9 µm
aluminium oxide, then with 3 µm aluminium oxide, and nally with SF polishing suspen-
sion [155]. The silicon carbide and aluminium oxide powders are mixed with water prior to
polishing. After this polish regime, the surface roughness of the silica is a few nanometres
rms, as measured on a Wyko NT110 white light interferometer [131].
The last step prior to imaging the samples in the SEM is to deposit a thin layer of gold on
the surface with an Emitech K950X thermal evaporator [156]. This is necessary in order to
make the silica samples more conductive and reduce charging from the electron beam dur-
ing SEM imaging, which can greatly reduce the measurement accuracy if not addressed.
The polished samples are placed in the bottom of the evaporator and a 2 mm diameter
ball of pure gold wire (Sigma-Aldrich 310980 [157]) is loaded into a tungsten basket. After
pumping down to 1 × 10−4 mbar, the current through the basket is increased to 18 A for 12
seconds to evaporate the gold, before turning it down to 0 A.
Even with a thin layer of gold on the surface, charging of the fused silica and hydroxide
catalysis bonds is a problem when the electron beam is focussed down onto the surface.
This makes it dicult in general to get accurate measurements of the bond thickness. Us-
ing the SEM’s Everhart-Thornley detector [158] mode of measuring the secondary electrons
gives images with the best contrast. However, obtaining an accurate measurement requires
careful technique. The general procedure is to rst scribe small ducial lines through the
gold layer with a tweezer tip across the bond to serve as location markers while in the SEM,
and also to uncover some of the bond. The samples are then mounted on double-sided cop-
per tape, electrically grounding the samples to the SEM mount, on a stage inside the SEM
as shown on the left side of Figure 5.8.
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Figure 5.8: On the left, sections of a bonded fused silica sample prepared for measurement by cutting
across the bond as in Figure 5.7, and secured with copper tape to prevent charging. The bond is very
thin so is not visible by eye. On the right an SEM image taken of the bond in one of the sections at
80000x magnication.
A TEM sample consisting of a silica substrate with a bilayer coating of amorphous sili-
con and SiO2 was used as a calibration sample in the SEM. This sample has known layer
thicknesses of 112.9 nm ±1.6 nm of aSi and 300.9 nm ±2.3 nm of SiO2. Verifying these layer
thicknesses in the SEM at the same time as the bonded samples were measured was done
as a reference measurement, shown in Figure 5.9.
After pumping down the SEM with the samples inside to below 1×10−5 bar of vacuum, the
Figure 5.9: SEM images of the calibration sample at 100,000x and 120,000x magnication showing
the silicon and SiO2 layers. Adhesive included to strengthen the sample for thinning it for TEM
management.
ducial closest to one edge of the rst sample was focussed on as in Figure 5.10. The bond
inside the ducial is not covered by gold and thus will give the most accurate measurement
if the image can be taken before the sample starts to charge, as in the right of Figure 5.10.
68 CHAPTER 5. MEASURING THE YOUNG’S MODULUS OF BONDS
Ideally, a bond thickness measurement is taken inside each ducial scribed on the sample
before moving on to the next one. Ideal measurements with a minimum of charging look
like the right side of Figure 5.8.
A magnication of 50,000x to 120,000x must be used to take a reasonably accurate measure-
Figure 5.10: SEM images of a bonded sample. On the left an image of the bond, with a zoom-in of
ducial line scribed in gold is on the right, with the exposed bond. Minimal surface charging.
ment of the nanometre thick bonds. There are a few dierent ways an image can be taken,
depending on how much charging the sample exhibits. Ideally, a full resolution image of
the bond inside one of the scribed ducial lines is taken. This takes around 10 seconds to
capture, during which time the surface charging is increasing. As a result, these images can
end up with the bond line looking distorted in places. However the overall bond thickness
seems to still be accurate. Another option is to take a faster and lower resolution image,
which can be used if the image distorts too much during a full resolution picture. A third
approach is to take a measurement of the bond where it is still coated with the gold. This
approach is not recommended as the gold layer is being measured as well as the bond,
meaning the bond thickness can be greatly overestimated and inaccurate when compared
to measurements made inside a scribed ducial line. Due to charging eects and poor con-
trast, measurement accuracy was restricted overall to approximately ±20 nm.
Measurements along each slice were taken, and the results were combined and linearly in-
terpolated to produce a map of the hydroxide catalysis bond thickness across each sample,
as in Figure 5.11. The surface plot maps were used to calculate an average bond thick-
ness. The standard deviation on the thickness was calculated for each location where the
transducer contacted the sample during ultrasonic measurements. All values are shown in
Table 5.2. The values in Table 5.2 were used in the Bayesian analysis model and the pulse
amplitude analysis model to extract the Young’s modulus of a bond between fused silica
substrates, as explained in Section 5.8.1 and Section 5.8.2.
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Figure 5.11: Surface plots of the bond thickness measured across a bonded fused silica sample
Sample Transducer Position Average 퐿푏표푛푑 (nm) Standard deviation (nm)
1 top 57 33
1 bottom 40 28
1 center 32 10
1 left 75 38
1 right 71 23
2 center 31 7
3 center 36 9
4 center 50 30
5 center 57 12
6 center 96 42
Table 5.2: Bonded fused silica samples average bond thickness with error
5.5 Measurements of hydroxide catalysis bonded sap-
phire
Ultrasonic measurements of a sodium silicate hydroxide catalysis bonded sapphire sample
are shown in Figure 5.12. There is a greater impedance mismatch between hydroxide catal-
ysis bonds and sapphire than there is between fused silica and hydroxide catalysis bonds.
Due to the higher percentage of the incoming acoustic pulse reecting o the bond, there
is a higher signal-to-noise ratio for measurements of hydroxide catalysis bonded sapphire
than for bonded silica. This allows the use of the simpler pulse amplitude analysis method
approach explained in Section 5.7.1 for the hydroxide catalysis bonded sapphire data. An
example of an acoustic pulse measurement of bonded sapphire is shown in Figure 5.13.
One 10 mm long, 50 mm diameter sapphire sample bonded with sodium silicate solution
was measured. The noise background is dierent for bonded sapphire than for bonded sil-
ica, with some repeated high frequency pulses visible in the data in Figure 5.13. The data
was analysed with the pulse amplitude analysis model to extract the bond Young’s modulus,
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Figure 5.12: Acoustic pulse reections from a 1:6 sodium silicate 10 mm long hydroxide catalysis
bonded sapphire sample, 10 datasets.
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Figure 5.13: Zoom in of an acoustic pulse reected from a 10 mm long, 50 mm diameter sapphire
sample bonded with sodium silicate solution.
the results are in Section 5.8.1.
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5.6 Measurements of indium bonded fused silica
Ultrasonic measurements were also performed on fused silica discs bonded with indium
layers of dierent thicknesses and deposition types. In this case, the impedance mismatch
between fused silica and indium is even larger than between sapphire and hydroxide catal-
ysis bonds. The signal-to-noise ratio for measurements of indium bonded silica is thus also
very high, and the simpler pulse amplitude analysis method is used.
The substrates of the rst sample were prepared by cleaning two fused silica discs with
solvents in an ultrasonic bath, 5 minutes each of acetone, isopropanol, and methanol. The
indium layer consisted of a 50 µm thick indium foil which was etched with dilute hydrochlo-
ric acid to remove the indium oxide. It was also rinsed with DI water to quench the acid,
followed by methanol to get rid of the water and nally dried with clean nitrogen gas and
cold welded between the two silica substrates. The thickness of this foil was measured after
etching to have a thickness in this case of 49.19 ± 0.05 µm with an Energy Dispersive X-ray
Fluorescence Spectrometer (EDXRF) [159]. The acoustic pulse reections of this sample’s
indium-silica and silica-air interfaces are shown in Figure 5.14.
Only the amplitude of the reection from this indium bond layer and Equation 5.3 was
used to extract the bond’s Young modulus, as the indium layers of thickness 41.0 ± 0.5 µm
and 50 µm were too thick to use the Rbond expression which depends on the small angle
approximation, Equation 5.8. Using Equation 5.3, the measured thickness value and the
measured ultrasonic reection, the Young’s modulus of this sample’s indium layer was cal-
culated to be approximately 1 GPa.
The known value of bulk indium is 10-13 GPa [105], making the measured value of 1 GPa
far too low to come from only bulk indium. Unfortunately, both non-bond surfaces of the
fused silica substrates were ground glass, which made it dicult to see characteristics of
the bond layer in between them. However, careful re-inspection of the bonded sample re-
vealed that while it did not have any large air bubbles trapped in the indium layer, it did
have small air bubbles all across the indium layer. The amplitude of the reected pulse is
impacted signicantly by air bubbles in the indium layer. While the amount of air in the
layer is not known the error can be estimated by assuming that the majority of the pulse
was reected from a silica-to-air interface in the worst case scenario. This would set a lower
bound of 0 GPa.
Two more indium bonded fused silica samples were produced, trying for an air bubble free
layer. These were made by thermally depositing a thin layer of indium directly to the fused
silica substrates in an evaporator [156], with the aim of stopping air bubbles from being
trapped between the substrates and the indium. Four substrates were solvent cleaned in an
ultrasonic bath, 5 minutes each of acetone, isopropanol, and methanol following the same
procedure as was used to make the rst indium bonded sample. They were then dried with
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Figure 5.14: Reected acoustic signal from 50 µm thick indium foil cold welded between 6 mm thick
silica discs
clean nitrogen gas and placed bond side up in the evaporator. An indium layer 350-400 nm
thick, as measured via EDXRF [159], was thermally deposited onto them under vacuum.
The coated samples were etched with dilute hydrochloric acid to remove any indium oxide
that had grown on the deposited coating. They were also rinsed with RO water to quench
the acid, followed by methanol to get rid of the water and nally dried with clean nitrogen
gas.
Two of the four samples were cold welded together immediately after drying with nitro-
gen gas, resulting in an nal indium layer of 750 ± 50 nm. An additional 50 µm indium foil
was acid etched along with the last two coated fused silica samples, it was cold welded
between the two remaining samples directly after drying. The etched foil was measured
to have a thickness of 40.5 ± 0.5 µm with the EDXRF, for a total indium layer thickness of
41.0 ± 0.5 µm.
After the two samples were cold welded together an additional step of heating them under
pressure was done to drive the air out of the bond interfaces. This was done by placing the
samples on a hotplate, then placing lead weights on them and heating the hotplate up to
160 ◦C for 1 hour. The weights corresponded to 1 MPa of pressure.
Ultrasonic measurements were then taken on both indium bonded fused silica samples, as
well as the fused silica reference sample. The reected pulses from the thinner indium layer,
the thermally evaporated lm only, are shown in Figure 5.15. Since the indium layer reects
5.6. MEASUREMENTS OF INDIUM BONDED FUSED SILICA 73
a much higher percentage of the incoming ultrasonic pulse, the reection of the silica-to-air
interface from the bonded sample cannot be used as the input pulse, as too much of it was
already reected by the indium layer. The silica-to-air reected pulse from the un-bonded
fused silica cylinder is used instead, and plotted in green in Figure 5.15 and yellow in Fig-
ure 5.16 on top of the bonded sample data for reference. The ultrasonic measurements of the
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Figure 5.15: Ultrasonic pulses reected from a 800 nm thick indium layer between 6 mm thick silica
discs
third indium bonded sample, made with both indium foil and thermally evaporated indium
coating, is shown in Figure 5.16 Data from both new samples were analysed with a similar
Matlab code based on the reection coecient equation as the rst indium bonded sample.
This time the small angle approximation that allowed us to solve for 퐸2 is not possible, as
the requirements of sin(휃) ≈ 0.244 and cos(휃) ≈ 0.644 are not satised for indium layers of
< 5µm, and so the full equation for Rbond in Equation 5.3 is used to quantify the measured
value for 퐸2. This approach does not take into account the many sources of experimental
noise, due to the fact that the largest sources of error, such as such how many air bubbles are
in the indium layer, are unknown. Thus the error on these numbers is unknown and most
likely quite high. For the rst bonded sample the Young’s modulus of the thin thermally
evaporated indium layer was calculated to be 0.8 GPa. For the second bonded sample, with
two thermally evaporated layers and a 40 µm indium foil in between, the Young’s modulus
of was measured to be 5.9 GPa. Remembering that the Young’s modulus of bulk indium is
10-13 GPa, these measured values were too low to be from bulk indium only.
A few dierent things could be contributing to bringing down the Young’s modulus values.
Still having a contribution from air bubbles throughout the bond will drastically increase
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Figure 5.16: Ultrasonic pulses reected from a41 µm thick thermally deposited indium between 6 mm
thick silica discs
the amplitude of the reected pulse, and thus drastically decrease the Young’s modulus cal-
culated from this articially large reected signal. If there were no air bubbles in these two
bonded samples then the amplitude of the reected pulse would be constant over the whole
sample. This is not the case however. The amplitude of the silica-to-air reection of the
fused silica reference sample ranged from 1.88 − 1.91Vpp with an average and standard er-
ror of 1.888 ± 0.005Vpp measured at dierent locations across the surface. For comparison
the amplitude of the reected signal from the thin indium layer varied from 0.88 to 2.01
Vpp across the sample, with an average of 1.4Vpp and the thermal lm plus foil went from
1.67 to 2.57 Vpp across the sample with an average of 2.1Vpp. The dierences in amplitude
of the reected signal from the bond interface was dependent on transducer position on
both samples. The dierence between sample positions the reected signal amplitudes are
pointed out in Figure 5.15 and Figure 5.16.
Another main contributor is that the thin layer of indium that was deposited via thermal
evaporation does not necessarily have the same material properties as bulk indium does.
Viewed under a microscope the indium foil and the deposited indium layer have visibly dif-
ferent appearances, seen in Figure 5.17 the foil has a smooth and highly reective surface
while the thin lm has a non-reective and porous appearance. Material properties such
as density and Young’s modulus of thin thermally deposited lms are dierent from their
bulk material values. For example the Young’s modulus of bulk chromium is 245-285 GPa
and thermally deposited thin lm chromium is 140 GPa [161]. The visual inspection of the
5.7. EXTRACTING THE YOUNG’S MODULUS OF HYDROXIDE CATALYSIS BONDS 75
Figure 5.17: Thermally deposited thin lm indium on the left, 50 µm foil on the right. Both imaged
with a Nomarski microscope [160].
deposited layer compared with the foil, along with the dierent deposition types and the
low value of measured Young’s modulus suggests that the thermally deposited thin indium
lm do have dierent material properties. The density of the thin lm may also be lower
than of bulk indium, which could account for the porous appearance.
5.7 Extracting the Young’s modulus of hydroxide catal-
ysis bonds
5.7.1 Extracting the Young’s modulus of bonds via pulse amplitude
analysis
The Young’s modulus of the bonds measured in this chapter can be extracted by analysing
the amplitude of the acoustic pulses reected from the bond interface and the silica-to-air
interface. This method is explained in this section. Starting with the approximate expres-
sion for 푅bond in Equation 5.7, re-iterated here as Equation 5.9,
푅bond = 푖
[√
퐸2휌2
퐸1휌1
−
√
퐸1휌1
퐸2휌2
]√
휌2
퐸2
휋푓퐿 (5.9)
where it is assumed that the Young’s modulus of the bond, 퐸2, will be some fraction of the
Young’s modulus of fused silica, 퐸1 =72 GPa, and write퐸2 = 훼퐸1 where 훼 is a scalar value.
Re-arranging to solve for 훼 can be expressed as
훼2
[(
휌2
휌1
)
−
푅2bond퐸1
(휋푓퐿)2휌2
]
− 2훼 +
(
휌1
휌2
)
= 0 (5.10)
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and solving this quadratic for 훼 gives
훼 =
1 ±
√
푅2bond퐸1휌1
(푓퐿휋)2휌22
(휌2
휌1
) − 푅
2
bond퐸1
(푓퐿휋)2휌2
(5.11)
Finally, given 퐸2 = 훼 ⋅ 퐸1, the Young’s modulus of a hydroxide catalysis bond can be
expressed in terms of known constants 휋, 푓 , 휌1, 휌2, 퐸1 and measured values of reection
coecient 푅bond and bond thickness 퐿.
퐸2 = 퐸1 ⋅
1 ±
√
푅2bond퐸1휌1
(푓퐿휋)2휌22
(휌2
휌1
) − 푅
2
bond퐸1
(푓퐿휋)2휌2
(5.12)
All three types of bonded samples (hydroxide catalysis bonded fused silica, hydroxide catal-
ysis bonded sapphire, and indium bonded fused silica) measured in this study were analysed
with this approach. Due to the dierent levels of impedance mismatch in the three kinds
of samples, the SNR of the bond signal in each case was dierent. In the cases of hydroxide
catalysis bonded sapphire and indium bonded fused silica, the bond signal-to-noise ratio
was high enough that only the pulse amplitude analysis method outlined in this section
was used. For hydroxide catalysis bonded fused silica however, the impedance mismatch
between silica and silicate bond is much smaller, which also reduced the bond signal-to-
noise ratio. In this case, the results from using the pulse amplitude analysis were not very
accurate because of the low SNR, and so a Bayesian analysis model was also developed
to analyse the bonded fused silica samples. The Bayesian analysis model is explained in
section 5.7.2, and the results of both analysis approaches are compared in section 5.8.2.
5.7.2 Extracting the bond Young’s modulus via Bayesian analysis
A Bayesian analysis of the hydroxide catalysis bonded fused silica data was performed in
which the signal model is a function of 푅bond, described by Equation 5.8, with a time oset
Δ푡 representing the unknown start time of the bond signal with reference to 푡0, an arbitrar-
ily dened time near the centre of the timeseries where the bond signal is expected to be
situated.
The noise model contains two main components. The rst component is low frequency
noise which was intrinsic to the sample and the sample location being analysed. The same
realisation of this low frequency noise is found in repeated measurements of the same sam-
ple and attributed to reections from the sample boundaries. This component has a red
spectrum, i.e. higher power at low frequencies.
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The second noise component has an approximately white spectrum, i.e. uniform power
in frequency and dominates the former noise component at high frequency. It is assumed
each measurement contains an independent noise realisation for this component and this
source is attributed to electronics noise. These noise component Power Spectral Densities
(PSDs) were estimated from segments of data taken before and after the bond signal and
averaged over all datasets taken at the same sample and sample position. The blue and
green regions before and after the bond signal in Figure 5.18 indicate the data segments
where the noise components are estimated from, with the combined PSD shown in white.
The reected bond signal, 푅, is found in the red region.
The PSD components as a function of frequency are plotted in Figure 5.19. By averaging
Figure 5.18: Reection signal of a bond between fused silica substrates, as a function of time. The
dierent coloured regions indicate the location of the noise components in blue and green on the
outsides, or of the bond signal in the middle in red.
the timeseries data the high frequency noise is subdued and an estimate of the low fre-
quency noise PSD can be made, 푃 l. Subtracting the averaged timeseries from each dataset
leaves the white noise components from which the white noise PSD, 푃 w can be estimated.
Since the eect of the low-frequency noise source is to introduce a repeatable low-frequency
signal, this is modelled as an additional signal component with corresponding unknown pa-
rameters. The specic realisation of this noise within the bond signal is not known a-priori
so this noise signal is parameterised in the frequency domain assuming that each discrete
frequency bin has an unknown phase 휙푗 and a known amplitude governed by the estimated
low frequency PSD. Only the rst 15 frequency bins are used since this is the region over
which the low frequency noise power exceeds that of the white noise. These parameters
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Figure 5.19: Example of PSD estimated from measurements taken on one of the fused silica samples,
where pre and post indicate the region before or after the bond signal. High indicates high frequency
components, common indicates the frequency components that are common to all measurements
are included in a Markov chain Monte Carlo (MCMC) analysis [162] and marginalised over,
accounting for the common low-frequency noise present in multiple measurements of the
same sample.
The signal model can be represented in the frequency domain by
푠̃(푓 ;푅,Δ푡, 휙⃗) = 푥̃푅푖푓푒2휋푖푓Δ푡 +
15∑
푘=1
1
2
√
푁푑푡푃 l푘푒
푖휙푘 (5.13)
where 푅푖푓 = 푅bond from Equation 5.8, the discrete Fourier transform of the input pulse
timeseries data is dened by 푥̃, the frequency is dened as 푓 , time oset Δ푡, the timeseries
sampling interval 푑푡, and the number of samples in the input signal timeseries is 푁 .
A uniform prior probability distribution for the parameters 푡0, 푅bond, and noise phases 휙⃗ is
used with the following limits. The start time 푡0 ranges between 0 and 0.5 µs, and is long
enough to fully encompass the reected pulse signal. The noise phase ranges from 0 to 2휋,
and 푅bond ranges between 0 and an amplitude corresponding to the maximum allowed 퐸2
value. Since the bond is a silicate material it should not exceed the Young’s modulus of
fused silica, 72 GPa. The bond thicknesses that were measured in the SEM and the error
associated with that method of imaging are interpreted as a Gaussian prior for 퐿 in which
the measured value and the uncertainties represent the mean and standard deviation of the
Gaussian respectively.
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The likelihood function, based on a Gaussian noise model, is dened as
푝(푏̃|푅,Δ푡, 휙⃗) =∏
푚
푁−1∏
푘=0
2
휋푁푑푡푃푤푚푘
exp
(
−
|푏̃푚푘 − 푠̃푚푘|2
푁푑푡푃푤푚푘
)
(5.14)
where 푚 indices over sets of measurements for which the sample and the sample location
were the same. The quantity 푏̃ is the Fourier transform of the measured reected bond sig-
nal.
In Figure 5.20 the strength of the bond signal against the noise background can be seen in
the frequency domain. The Sonatest transducer, with a centre frequency of 12 MHz noted
as 푓푝푢푙푠푒 had a perfect combination of frequency, damping, and gain properties to give a
bump in SNR in the tens of MHz, seen in Figure 5.20. A time-domain example of the re-
Figure 5.20: Signal data, noise background, modelled signal and combined signal model vs frequency
of bonded fused silica sample data
ected bond signal, and the corresponding signal model and noise components are shown
in Fig. 5.21. In both Figures 5.20 and 5.21 the rst signal model term from Equation 5.13
is plotted in dark blue, shown with the common signal, the second term in Equation 4.11.
in cyan, and combined to become the signal plus noise model, 푠̃ in black. The measured
data, 푏̃ is shown here in red. The residuals in Figure 5.21 are shown in dark green. Each
curve is a set of curves drawn from the posterior distribution on the unknown parameters
푅, 푑푡, 휙⃗. The sum of the model and low frequency common noise component, 푠, matches
the measured reection signal with residuals consistent with those expected from the white
noise PSD.
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Figure 5.21: Reected bond signal, modelled signal, noise components, combined signal model and
residuals vs time of bonded fused silica sample data
An MCMC analysis is performed to obtain samples from the posterior probability distri-
bution on the quantity 푅, combined with the knowledge of the bond thickness 퐿 from
the SEM measurements, to generate the posterior on the Young’s modulus of hydroxide
catalysis bonds, 퐸2. This is achieved using
푝(퐸2|푏̃) ∝ 푛∑
푗
푝(퐿 = 퐿(퐸2, 푅푗))
|||| 푑퐿푑퐸2 |||| (5.15)
where the sum is over posterior 푅 samples and the derivative is the Jacobian required to
transform the integral over bond thickness 퐿 into one over 퐸2. This derivative and the
function 퐿(퐸2, 푅) are obtained via Equation 5.8. The posterior for each measured sample
is then combined and compared, as shown in the bonded fused silica results section 5.8.2.
5.8 Results and discussion
5.8.1 Pulse amplitude analysis results
The pulse amplitude based analysis described in section 5.7.1 was used to extract the Young’s
modulus of bonds between sapphire substrates. This analysis has a higher error associated
with it when compared to the bonded fused silica data in Section 5.8.2 due to a higher and
more unpredictable noise background and a larger error associated with the bond thickness
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value, L. The value for L used here was not from a direct SEM measurement, rather it was
based on the global peak-to-valley atness measurements of the two sapphire substrates
prior to bonding. In this case they were measured to be 106 ± 5 nm and 75 ± 55 nm. The
bond thickness is thus assumed to be between the average global atness value, 90.5 nm
and a maximum value based on the added atnesses of both substrates, 181 nm. A value of
15.3±5.2GPawas calculated for the hydroxide catalysis bonded sapphire sample measured
here.
A Young’s modulus value of 21.5 ± 6.6GPa was found for the hydroxide catalysis bonds
between fused silica samples analysed with the pulse amplitude approach.
Comparing the calculated Young’s modulus from measurements of the thin lm, 0.8 GPa,
to the thin lm plus foil layer, 5.9 GPa, is especially telling. The vendor supplied indium foil
would be expected to behave as the bulk material, with a Young’s modulus of 10 GPa. A
layer consisting of the thin thermally deposited indium with a very low Young’s modulus,
0.8 GPa, and the bulk indium foil would be expected to be higher than the value of the thin
lm on its own but not as high as bulk indium.
In this case the measured value of 5.9 GPa falls into that realistic range. Overestimating
the density of the thin lm would also impact this calculation, as it is assumed in the cal-
culation that the lms’ density is that of bulk indium. Measuring the material properties
such as the density and Young’s modulus of the thermally evaporated indium layers via
nano-indentation for comparison to the values found in this chapter is suggested for future
studies.
5.8.2 Bayesian analysis results for bonded fused silica
The posteriors of measurements made where the transducer was positioned in the centre
of the sample is shown in Figure 5.22 where the Young’s modulus calculated from this com-
bined set was 17.3±2.32.5 GPa.
The posteriors of measurements made where the transducer was positioned in dierent
positions around the same sample is shown in Figure 5.23 where the Young’s modulus cal-
culated from this combined set was 16.8±3.83.2 GPa.
Interestingly, the posteriors for measurements made where the transducer was positioned
in the very centre of the samples as in Figure 5.22 were narrower than those made on the
same sample but with dierent transducer positions as in Figure 5.23, suggesting that the
closer the transducer was to the edge of the bonded sample the more edge eects were seen.
Finally a combined posterior on the Young’s modulus of sodium silicate hydroxide catalysis
bonds, 퐸2, is shown for all measurements in Figure 5.24. These posteriors are statistically
independent and therefore their product is used to obtain an improved result. All input
posteriors are consistent and the nal posterior has support from all inputs implying neg-
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Figure 5.22: Individual퐸2 posteriors of each measured fused silica sample, where the transducer was
in the centre of the sample. The nal combined posterior is shown in black and a 90% condence
level is shown in the light red shaded region.
Figure 5.23: Individual 퐸2 posteriors of one measured fused silica sample, where the transducer was
placed in ve dierent positions. The combined posterior is shown in black and a 90% condence
level is shown in the light blue shaded region.
ligible systematic eects.
A best estimate value with a 90% condence range of 18.5±2.02.3 GPa is thus obtained for the
Young’s modulus of sodium silicate hydroxide catalysis bonds via Bayesian analysis. This
value also agrees with the Young’s modulus for the same fused silica samples analysed
with the pulse amplitude approach, which was found to be 21.5 ± 6.6 GPa. The Young’s
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Figure 5.24: Individual 퐸2 posteriors of all measured fused silica samples. The nal combined pos-
terior is shown in black and a 90% condence level is shown in the light purple shaded region.
modulus calculated here is used in Chapter 6 to evaluate the contribution to thermal noise
from hydroxide catalysis bonds in nite element ANSYS models of room temperature and
cryogenic detector bonded test masses.
5.9 Conclusions
A better understanding of the Young’s modulus of hydroxide catalysis bonds used in GW
detectors has been obtained in this study, using a non-destructive method of acoustic pulse
measurement. A sophisticated Bayesian analysis model was also developed for the hydrox-
ide catalysis bonded fused silica. The ultrasonic measurements taken on hydroxide catalysis
bonded fused silica and the Bayesian analysis of them presented in this chapter were com-
bined with FE models of a bonded aLIGO A+ upgrade test mass (explained in Section 6.7),
and published as Measurements of the Young’s modulus of hydroxide catalysis bonds, and the
eect on thermal noise in ground based gravitational wave detectors in [163]. The results
published in this paper are expanded and explained in greater detail in this chapter, for
improved understanding of the methods involved and to oer a comparison of the bonded
sapphire results with the bonded fused silica results.
Three dierent types of samples in total were measured in this study, hydroxide catalysis
bonded fused silica, hydroxide catalysis bonded sapphire, and indium bonded fused silica.
Low Young’s modulus values of the indium layers with a high margin of error were cal-
culated from these measurements due to the addition of the air and unknown thin lm
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properties, giving Young’s modulus values of 0.8 GPa for the thin thermally evaporated
lm, and 5.9 GPa for a thin lm plus foil layer, compared to an expected 10-13 GPa for bulk
indium. The results from the pulse amplitude analysis approach found a Young’s modu-
lus value of 15.3 ± 5.2GPa for hydroxide catalysis bonded sapphire and 21.5 ± 6.6GPa for
bonded fused silica. The larger error bars found with the pulse amplitude analysis approach
are due to the complicated noise background inherent in the measurements. However, both
values agree with the value found for hydroxide catalysis bonded fused silica via Bayesian
analysis, which was a best estimate value of 18.5±2.02.3 GPa, with a 90% condence range. All
results found in this chapter are collated in Table 5.3.
Bond type Known in the literature Measured result
Thin lm indium none 0.8
Thin lm plus foil indium none 5.9
Bulk indium 10-13 none
hydroxide catalysis bonded fused silica 7.9 21.5±6.6
Bayesian analysis of bonded fused silica 7.9 18.5+2−2.3
hydroxide catalysis bonded sapphire none 15.3±5.2
Table 5.3: Results of Young’s modulus values measured in this chapter, in comparison with previ-
ously known values, where applicable. All results in units of GPa.
Chapter 6
The Young’s modulus of hydroxide
catalysis bonds and the thermal noise
of bonded test masses
6.1 Introduction
Contributions to detector thermal noise levels come from many parts of the suspension
system, as explained in Chapter 1. The faces of the test masses are the most sensitive to
thermal noise contributions, as motion of this optic directly impacts the measured phase
of laser light between the arms. Thus, the closer a suspension element is to this face the
more stringent its noise requirement is. The contribution made by the hydroxide catalysis
bonds, that join the suspension ears to the test masses, will be the focus here.
First, the calculation of the mechanical loss of hydroxide catalysis bonds will be discussed.
Then, the role that the bond’s Young’s modulus has in thermal noise calculations is ad-
dressed, using an analytical example of a bonded rod. Finally, the mechanical loss of bonds
is combined with realistic models of bonded test masses, to calculate the thermal noise con-
tributions of bonds in several bonded test mass geometries.
Previously, the thermal noise contribution from bonds on a test mass mirror had been cal-
culated using a Young’s modulus value based on a single point of data, 7.9 GPa [124]. In this
chapter ANSYS models are used to calculate the thermal noise of bonded test masses, using
the new bond Young’s modulus value of 18.5±2.02.3 GPa which was obtained in experiments
described in Chapter 5. All models in this chapter are evaluated using a sodium silicate
bond thickness of 61 ± 4 nm. This value is based on the average bond thickness value from
previous SEM measurements of bonds between 휆∕10 at fused silica substrates [77].
The thermal noise contributions from bonds on a test mass are calculated using the method
outlined by Levin for the LIGO test masses [72]. This method utilises the following formula
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for the spectral density of displacement thermal noise at a particular frequency, 푆푥(푓 ).
푆푥(푓 ) =
2푘B푇푊diss
휋2푓 2퐹 20
, (6.1)
where 푘퐵 is Boltzmann constant, 푇 is temperature, 퐹0 is the amplitude of a notional oscil-
lating force incident on the test mass surface, normalised here to 1 N, and 푓 is the frequency
of oscillation of this applied force. This oscillating force can also be thought of as a pres-
sure wave with a Gaussian prole, similar to that of the laser beam that is used to sense the
displacement of the test mass. The time averaged power dissipated in the test mass, 푊푑푖푠푠,
can be written as
푊diss = 2휋푓 ∫푣표푙 휖(푥, 푦, 푧)휙(푥, 푦, 푧)푑푉 , (6.2)
where 휙(푥, 푦, 푧) is the mechanical loss angle, of the bond in this case. The other term,
휖(푥, 푦, 푧), is the strain energy stored in the bonds of a test mass when it is maximally de-
formed under the applied notional pressure. Finite element (FE) models created in ANSYS
have been developed to allow the calculation of these two terms for bonded test masses.
There are two FE models needed for this; the rst model calculates the ratio of strain en-
ergy stored in the bond to the total energy of the system, and compares it to previously
measured mechanical loss values, to extract the mechanical loss angle of the bond, 휙bond.
This approach will be explained in detail in Section 6.2.
The second model is used to obtain the strain energy stored in the bonds of a test mass,
휖(푥, 푦, 푧). For a system with a very simple geometry, i.e. a rod with a bond in the middle,
and including only a fundamental mode of longitudinal deformation, the strain energy can
be solved analytically. The derivation is shown in Appendix B, and the results are discussed
in Section 6.3. For more complicated geometries and deformations including shear compo-
nents, FE models must be used to solve the strain energies for loss angles at the rst eight
resonant frequencies, i.e. for each realistic test mass and ear geometry and material type.
These models will be addressed for separate test mass geometries in this chapter.
A current aLIGO detector test mass is modelled rst, followed by a prototype design for
its proposed room temperature upgrade, A+. A test mass for KAGRA, a cryogenic detec-
tor currently under construction, as well as two possible test mass geometries for a future
cryogenic detector, the Einstein Telescope (ET) [65], are also investigated. ET is currently
still in its design phase. Unlike past detectors, it is proposed that ET be composed of two
interferometer types with dierent characteristics that would result in a wider frequency
range during operation. The ET-HF interferometer is proposed to operate at room temper-
ature and be specialised for high frequency GW detection, while the ET-LF system would
be a cryogenic interferometer focussed on low frequency GW sources [78]. Many aspects
of the ET systems have not yet been fully developed, such as the type of material used for
the ET-LF optics and suspension elements. However it is most likely to be either silicon
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or sapphire. Therefore two initial designs for bonded test masses of silicon or sapphire of
suitable geometries for ET-LF were modelled here.
6.2 Mechanical loss of bonds
FE models in combination with previous experimental measurements are used here to de-
termine the mechanical loss angle of the hydroxide catalysis bonds. The mechanical loss
angle model of a fused silica cylinder with an o-centre bond, shown in Figure 6.1, was in-
vestigated initially. The colour indicates relative deformation, where red is maximum and
blue is minimum. This approach used developed modelling techniques [77, 145].
This model is used to calculate the amount of energy in each part of the sample, and the
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Figure 6.1: O-centre bonded fused silica cylinder, shown at the 8 dierent resonant frequencies that
were modelled. The colour indicates relative motion, where red is maximum and blue is minimum.
The mechanical loss values are plotted at each frequency and for a range of Young’s moduli [77].
ratio of energy stored in the bond to the energy stored in the total system at each resonant
frequency of the cylinder can be calculated. Dierent loss values are associated with each
resonant frequency. For modes where a large amount of the energy is stored in or near the
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bond region, the eect of the bond will be amplied and a higher bond loss will be mea-
sured. In the past, two bond loss models, one frequency dependent and the other frequency
independent, were analysed and from this 휙bond was determined to be most likely indepen-
dent of frequency [77], thus an average value based on the rst eight resonant frequencies
is used.
The energy ratio assuming a bond Young’s modulus of 18.5 GPa (as determined in Chap-
ter 5) was then used along with prior mechanical loss angle measurements and model of a
cylinder (of both sapphire and fused silica) with an o-centre bond to calculate 휙substrate [77,
164] and extract the bond loss. This is done by rearranging the equation for 휙bondedcylinder
below
휙bondedcylinder =
Δ퐻substrate
Δ퐻total
휙substrate +
Δ퐻bond
Δ퐻total
휙bond, (6.3)
where the mechanical loss angle term, 휙bondedcylinder is a value previously measured via ex-
perimental measurements of a fused silica cylinder with o-centre bond [77]. The other
mechanical loss angle term, 휙substrate, is calculated using a model by Penn [165].
The Δ퐻substrate
Δ퐻total
term in Equation 6.3 is approximately equal to 1, dominated by energy stored
in the fused silica substrates, since the bulk cylinder is much larger in volume than the
bond, and Equation 6.3 can be expressed as
휙bond ≈
휙bondedcylinder − 휙substrate
Δ퐻bond∕Δ퐻total
. (6.4)
Finally, 휙bond can be calculated using the averageΔ퐻bond∕Δ퐻total of the rst eight resonant
modes extracted from the ANSYS model.
6.3 Role of bond Young’s modulus in mechanical loss
and thermal noise
6.3.1 Contribution of bond Young’s modulus to mechanical loss
In practice, the mechanical loss of bonds is evaluated for all resonant frequencies of bonded
systems. Considering only the fundamental longitudinal mode in a rod of length L, with a
bond in the middle of thickness b, the ratio of strain energies Δ퐻bond∕Δ퐻total can be solved
analytically as
Δ퐻bond
Δ퐻total
=
2푏퐸1
퐿퐸2
. (6.5)
where퐸1 and 휌1 are the Young’s modulus and density of the substrate material, and퐸2 and
휌2 the same values for the bond. Equation 6.5 is derived in Appendix B. In this simplied
geometry Equation 6.4 can be expressed in terms of the relative Young’s moduli of the bond
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and substrate material,
휙bond ≈ (휙bondedcylinder − 휙substrate)
퐿퐸2
2푏퐸1
. (6.6)
For more complicated geometries, where compression waves with shear components are
included, the Poisson ratios and densities of the bond and substrate must be taken into
account as well. However, it has been shown in the past that varying the bond’s Poisson
ratio across accepted values for silicate glasses does not have a signicant eect on the loss
determined from FE models [145]. Thus the Poisson ratio of hydroxide catalysis bonds are
assumed to be 0.17, equal to that of fused silica.
The density of hydroxide catalysis bonds is also assumed to be roughly equal to that of fused
silica. The thickness of sodium silicate bonds, given a known volume of solution and area
of a 휆∕10 at bond substrate, has been calculated to be about 74 nm, assuming a nal bond
density of 2202 kg m−3, which is equal to that of fused silica [144]. The calculated value of
74 nm matches fairly well with the assumed average bond thickness of 61 ± 4 nm for bonds
between 휆∕10 at bond substrates, based on SEM measurements of bond thickness [77].
From Equation 6.6 it can be seen that the energy stored in the bond is proportional to its
Young’s modulus. To expand from this simplied example, FE models were used to nd
Δ퐻bond∕Δ퐻total at the rst eight resonant frequencies, as a function of Young’s modulus.
As a silicate material, the Young’s modulus of hydroxide catalysis bonds cannot exceed the
modulus of fused silica which is 72 GPa. A value less than zero would not be possible for
a physical solid. To analyse how the bond loss between fused silica substrates changes
with bond Young’s modulus, it was calculated for a range of 0-72 GPa, to incorporate all
physically feasible values. These results, shown in Figure 6.2, do indicate an increase in the
extracted bond loss as a function of the bond Young’s modulus. This agrees in principle
with the simplied form of Equation 6.6.
The bond loss from Figure 6.2, including previously measured 휙bondedcylinder values of
bonded silica cylinders, cured for three years at room temperature [77, 148], gives a bond
loss value of 0.17±0.02 for a Young’s modulus of 18.5 GPa. This bond loss value was used to
extract the bond thermal noise of fused silica masses in the aLIGO and A+ upgrade sections.
6.3.2 Contribution of bond Young’s modulus to thermal noise
Recalling the expression for the spectral density of displacement thermal noise at a partic-
ular frequency in Equation 6.1, it is recalled that 푆푥(푓 ) is proportional to the time averaged
dissipated power, 푊diss. The time averaged power dissipated in the bonds can be expressed
as the product of the mechanical loss of a bond 휙bond and the strain energy stored in the
bond, as in Equation 6.2. Considering the simplied case of a longitudinal mode in a bonded
90 CHAPTER 6. BOND YOUNG’S MODULUS AND TEST MASS THERMAL NOISE
0 20 40 60 80
Youngs modulus of bond (GPa)
0
0.1
0.2
0.3
0.4
0.5
Av
er
ag
e 
bo
nd
 lo
ss
Figure 6.2: Average (of rst eight resonant frequencies) bond loss values extracted from measure-
ments and models of a bonded fused silica cylinder model, as a function of Young’s modulus.
bar geometry the strain energy can be expressed as
∫푣표푙 휖(푥, 푦, 푧)푑푉 = Δ퐻bond =
1
4
퐸2푆퐴
2
2푘
2
2푏, (6.7)
where 퐸2 is again the bond Young’s modulus, S is the cross sectional area of the bond
and rod, 퐴2 is the amplitude of the longitudinal wave in the bond region, and k is the wave
number. The quantities퐴2 = 퐴1 ⋅
√
(퐸1휌1)∕(퐸2휌2) and 푘2 =
2휋푓√
퐸2∕휌2
are derived in Appendix
B along with the Equation 6.7. Using these forms of 퐴2 and 푘2, the strain energy can be
simplied as
Δ퐻bond =
1
2
퐸1
퐸2
푆퐴21푏휌1(2휋푓 )
2. (6.8)
Combining Equation 6.8 with the expression for 휙bond in Equation 6.6, the following expres-
sion for 푊diss is obtained
푊diss ≈ (휙bondedcylinder − 휙substrate) ⋅ (퐴1 ⋅ 2휋푓 )2휌1퐿푆. (6.9)
Thus for the simplied case of a fundamental longitudinal mode in a bonded rod there is
no dependence of 푊diss on the bond Young’s modulus, and thus no dependence of thermal
noise on bond Young’s modulus.
Of course, this is an oversimplication. In reality, 휙bondedcylinder is measured experimentally
at the rst eight resonant frequencies, and Δ퐻bond∕Δ퐻total is modelled at the rst eight
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resonant frequencies as well.
The geometry of a GW detector test mass is also much more complicated than a bonded rod
with one longitudinal wave component going through the bond cross-section. In reality the
laser exerts pressure waves on the face of the test mass, which is perpendicular to the bond
interface. The coupling between these pressure waves and the bond interface will be much
more complicated in this geometry, due in part to the addition of shear wave components.
Thus FE analysis of test masses of the appropriate geometry are needed to obtain more
realistic values of bond strain energy.
6.4 Bond loss values for sapphire and silicon
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Figure 6.3: Average bond loss values extracted from measurements and models of a bonded sapphire
cylinder, as a function of Young’s modulus
To nd the bond loss at cryogenic temperatures between sapphire, cryogenic measurements
and modelling of a sapphire-to-sapphire cylinder were carried out previously using a similar
technique as to the approach used for bonded fused silica [145]. Assuming a bond Young’s
modulus of 18.5 GPa gives bond loss values of 1.8 ± 0.6 × 10−3 at 20 K and 1.4 ± 0.4 × 10−3
at 10 K [145]. The average bond loss extracted as a function of Young’s modulus is shown
in Figure 6.3 [145].
These loss values are used to extract the bond thermal noise of the bonded sapphire test
masses for KAGRA in Section 6.8 and for ET LF-1 in Section 6.9.
The mechanical loss of bonded silicon presented by Prokhorov et al. [166] was measured
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by constructing a tuning fork out of two silicon ribbons with a silicate bond in the mid-
dle, shown in Figure 6.4. The mechanical loss of this tuning fork is 2.3 ± 0.8 × 10−3 at
Figure 6.4: Mechanical loss values reported by Prokhorov et al. [166]. Values as a function of tem-
perature are shown on the left and middle, at bond thickness of 390 nm and 1120 nm. The loss was
calculated for three possible Ybond values, with the 20 GPa values used in this study. The schematic
of the bonded tuning fork used in this experiment is shown on the right side [166].
123 K, reported in [166]. This study assumed two components of the interfacial layer, the
hydroxide catalysis bond and the silicon oxide layers. The addition of silicon oxide layers
is necessary to joint silicon with hydroxide catalysis bond. However, it has been reported
in the literature that the silicon oxide (at a total additional thickness of ≈ 200 nm) is the
dominant source of mechanical loss in bonded silicon [166, 167]. These values are used in
Section 6.10 to nd the thermal noise of bonds in a silicon mass at cryogenic temperature
and at room temperature. The same loss value was used for temperatures of 123 K, 20 K,
and 10 K. In reality the loss is believed to decrease at lower temperatures, but it has not yet
been measured below 123 K. Therefore the thermal noise at 10-20 K calculated for a bonded
silicon ET test mass in Section 6.10 will be an overestimate, giving a generous upper bound
on the noise.
6.5 Extracting thermal noise values from bonded test
mass models
FE models are used to calculate the strain energy of the bonds, 휖(푥, 푦, 푧), in dierent bonded
test mass systems. The test mass and ear geometry and material type are changed to suit
each detector system. All assume a sodium silicate bond of thickness 61 ± 4 nm. All the
bonded test mass geometries in this chapter were either based on the actual designs, as in
the case of aLIGO and KAGRA, or based on the most current designs that are proposed for
future systems, as in the case of the potential A+ upgrade and the ET masses. In all cases the
face of the test mass optic is modelled to be deformed by a normalised incident Gaussian
pressure wave with the radius of the laser beam used in the detector. The strain energy
6.6. THERMAL NOISE OF A BONDED ALIGO TEST MASS 93
stored in the bonds due to the test mass deformation from the laser beam is then extracted
from the models.
Finally, assuming a Young’s modulus of 18.5±2.02.3 GPa, the bond loss from the rst model
and the strain energy from the second model are combined. The spectral density of thermal
noise, 푆푥(푓 ), Equation 6.1 and Equation 6.2 [72], was used to calculate the thermal noise
contribution of the bond. These values were calculated at the frequency where the design
sensitivity of the detectors is highest, i.e. where an increase of bond thermal noise could
impact the overall detector sensitivity. Thus the thermal noise was evaluated at a frequency
of 100 Hz for the aLIGO detector, the A+ upgrade, and the KAGRA detector. For the ET-LF
detector whose target frequency range is lower than aLIGO or KAGRA, the design sensi-
tivity is at a maximum around 10 Hz. Thus the bond thermal noise was evaluated at 10 Hz
for the ET-LF masses.
This modelled noise is then compared to the bond’s noise requirement for each GW detec-
tor. These noise requirements are based on the design sensitivity curves of each detector.
Specically the bonds have to meet a "technical noise requirement" which was dened for
aLIGO as 10% of the total thermal noise budget of a test mass at 100 Hz [168–170]. The
calculation of the technical noise requirement starting with detector strain sensitivity is
explained in Section 6.6, using aLIGO as an example.
6.6 Thermal noise of a bonded aLIGO test mass
The total noise in strain of 4 × 10−24
√
Hz−1 at 100 Hz is derived from the aLIGO sensitivity
curve shown in Figure 6.5.
All detector noise sources which have been categorised as technical noise sources must not
exceed 10 % of the total detector target strain sensitivity across the frequency band of 10-
7000 Hz as dened by the aLIGO Design Document [168]. Since the strain sensitivity of the
aLIGO detector is at a maximum around 100 Hz, an increase in noise would rst impact the
overall detector sensitivity here. Thus thermal noise values for aLIGO are usually evaluated
at this frequency.
The equivalent dierential arm displacement noise limit for technical noise sources in
aLIGO is 10 % of the total noise curve at 100 Hz, 4 × 10−24
√
Hz−1 as shown in Figure 6.5. The
strain has been converted to displacement sensitivity by multiplying by the arm length of
the detector, which is 4000 m for aLIGO. To calculate the displacement noise limit per test
mass, now in units of (m∕
√
(Hz)), divide the total noise by the sum of the noise sources in
quadrature. In this case
√
4 for the four test masses, giving a maximum allowable thermal
noise budget of 8 × 10−22 m
√
Hz−1.
Finally a room temperature fused silica aLIGO mass was modelled, shown in Figure 6.6.
Each aLIGO test mass (TM) is 340 mm in diameter, 200 mm wide and weighs 40 kg. A 55 mm
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Figure 6.5: aLIGO design sensitivity curve and fundamental noise sources [171].
radius laser beam is incident upon it. There are two long ears per test mass, each one hav-
ing an area of 20mm × 60mm for a total bond area of 2400 mm2.
For an aLIGO mass using a loss term of 0.18 a bond thermal noise of 5.8 ± 0.6 × 10−22 m
√
Hz−1
at 100 Hz was found, which meets the aLIGO thermal noise budget of 7-8 × 10−22 m
√
Hz−1
at 100 Hz.
6.7 Thermal noise from the test mass bonds, for the A+
aLIGO upgrade, incorporating a newly proposed ear
design
A+, an incremental upgrade to existing aLIGO detectors is currently being developed. This
upgrade will make use of existing infrastructure and technologies and aims for a factor of
1.7 increase in range over aLIGO, using the binary neutron star inspirals as a benchmark
[172]. In order to meet the sensitivity required for A+ a few key parameters are revis-
ited. The coating thermal noise budget is proposed to be approximately half of aLIGO’s
coating thermal noise budget, utilising improvements to coating technologies. The use of
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Figure 6.6: ANSYS model of aLIGO test mass model, where the colour shows the deformation of the
test mass from a normalised Gaussian beam due to a laser of beam radius 55 mm. Red indicates the
maximum amount of deformation and blue the minimum.
Figure 6.7: A+ upgrade design sensitivity, G1700552 [172]
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frequency dependent squeezing is also proposed to lower the quantum noise level. With the
successful implementation of the planned upgrades, the A+ design strain sensitivity curve,
in Figure 6.7, would allow a factor of 1.7 increase in range, or 5 times increase in event rate,
over the aLIGO detector.
6.7.1 A+ aLIGO upgrade ear design
The proposed increase in detector range demands a higher detector sensitivity and thus a
lower bond thermal noise budget of 4 × 10−22 m
√
Hz−1. As in the aLIGO case, this value
was based on a technical noise budget of 10 % of the total thermal noise at 100 Hz from the
A+ sensitivity curve. Hence an updated ear design for the A+ upgrade was investigated,
with the aim of further reducing contribution of the bond to detector thermal noise, in or-
der to meet upgrade requirements. The most straightforward method of achieving this is to
reduce the surface area of the bonds by reducing the size of the ears on the masses. This can
be achieved by going from two ears per mass to four ears, with a design that preserves an
appropriately high stress safety factor. To achieve this, the ears must be positioned on the
mass so that the horns are the same distance away from each other as they are in aLIGO,
now with a space between two ears instead of a single long ear. The horn design was kept
very similar to the aLIGO horn design, to keep stresses and bre welding access the same.
This and an angled ear geometry allow for a reduction in bond area of 34 % from aLIGO,
down to 1580 mm2 for one mass. This design keeps a safety factor of 3 in the bond’s max-
imum tensile stress normal to the bond surface, a factor based on the ratio of the average
tensile strength of hydroxide catalysis bonds, 16 MPa, to the maximum normal tensile stress
in the bond, 5.2 MPa, taking into account a test mass load of 40 kg.
Dierent ear design geometries were investigated. These are shown in Figure 6.8 in com-
parison with the original aLIGO ear. Three new ear designs were modelled. The rst was
nearly square in shape, the second slightly angled at the bottom, and the third with more
of an angle, wider at the top and narrower at the bottom. The stress was found to be higher
in the two designs which were less angled, as stress tends to be higher in sharp square
corners. The smaller, angled ear (LIGO drawing D1800010) was selected as it paired the
best combination of low thermal noise, high bond strength, and safe deformation of the ear
horns under load. A drawing and the FE model of the selected ear design bonded onto an
A+ test mass is shown in Figure 6.9. This ear design has not yet been tested, and should
undergo weld and bonding trials prior to implementation.
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Figure 6.8: Comparisons of dierent ear design geometries for A+, at normal stress under force
loading
Figure 6.9: ANSYS model of an A+ bonded test mass on the left, where the colour shows the defor-
mation of the test mass from a normalised Gaussian beam due to a laser of beam radius 60 mm. Red
indicates the maximum amount of deformation and blue the minimum. A zoom-in of the new 4 ear
design on the right.
6.7.2 Thermal noise of a bonded A+ mass
A comparison of the values calculated from the ANSYS models of bonded masses for aLIGO
and the A+ upgrade is outlined in Table 6.1. The test mass geometry for aLIGO and the A+
upgrade is the same.
The calculated thermal noise of the new ear design modelled here, assuming the same
conversion to displacement sensitivity as in the aLIGO case, is 3.8 ± 0.4 × 10−22 m
√
Hz−1 at
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Parameter per test mass aLIGO A+
Ear horn deformation under gravity (µm) 0.67 0.69
Max equivalent stress in bond under gravity (MPa) 9.2 9.3
Max tensile stress in bond, normal (MPa) 2.7 5.2
Max tensile stress in bond, shear (MPa) ±3.5 ±4.8
Bond thermal noise, required (⋅10−22m/
√
Hz) 7 4
Bond thermal noise, modelled (⋅10−22m/
√
Hz) 5.8 3.8
Table 6.1: Comparison of aLIGO and A+ upgrade ear design parameters from FE models
100 Hz, which meets requirements stated at the beginning of this section.
6.8 Thermal noise of a bonded sapphire test mass for
KAGRA
Figure 6.10: ANSYS model of KAGRA sapphire test mass and triangular ear design, where the colour
shows the deformation of the test mass from a normalised Gaussian beam due to a laser of beam
radius 38 mm. Red indicates the maximum amount of deformation and blue the minimum.
A cryogenic sapphire KAGRA mass was modelled here, shown in Figure 6.10. A KAGRA
test mass has a 220 mm diameter, it is 153 mm wide and weighs 21 kg. A 38 mm radius laser
beam is incident upon it [142]. There are two ears per test mass, on angled ats, each one
having an area of 30x80 mm for a total bond area of 4800 mm2.
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Figure 6.11: KAGRA design sensitivity curve [64]
The total detector noise at 100 Hz is roughly 4 × 10−24
√
Hz−1 at 100 Hz, taken from Fig-
ure 6.11. Considering an arm length of 3 km and converting to the thermal noise budget
per mass, a value of 4 × 10−25
√
Hz−1⋅3000m∕
√
4 = 6 × 10−22 m
√
Hz−1 at 100 Hz is obtained
as a noise limit.
The thermal noise is calculated assuming a bond loss of 1.8 ± 0.6 × 10−3 at 20 K and
1.4 ± 0.4 × 10−3 at 10 K. The bond thermal noise per mass at 100 Hz is thus calculated
from this model to be 4.5 ± 1.5 × 10−23 m
√
Hz−1 at (20 K) and 2.7 ± 0.9 × 10−23 m
√
Hz−1 at
(10 K), more than an order of magnitude below requirement.
6.9 Thermal noise of a bonded sapphire test mass for ET
A possible cryogenic sapphire ET mass design was modelled here, shown in Figure 6.12.
This design is based on an aLIGO mass, with the bond area scaled up to a size to suspend
the ET mass with a similar safety margin in tensile strength os the aLIGO masses. These
numbers are estimates, as no specic test mass at or ear designs have yet been made. This
design features a 500 mm diameter, and 270 mm wide test mass weighing 211 kg. A 90 mm
radius laser beam is incident upon it.
The total noise of the ET-LF detector is 1 × 10−24
√
Hz−1, at 10 Hz, taken from Figure 6.13.
Considering a detector with a two arm right angle design and an arm length of 10 km, the
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Figure 6.12: ANSYS model of ET sapphire test mass with a dened bond area but no designed ear,
where the colour shows the deformation of the test mass from a normalised Gaussian beam due
to a laser of beam radius 90 mm. Red indicates the maximum amount of deformation and blue the
minimum.
technical noise budget per mass inm
√
Hz can be calculated as 1 × 10−25
√
Hz−1 ⋅10000m∕
√
4
=5 × 10−22 m
√
Hz−1. The bond thermal noise per mass at 10 Hz was calculated from this
model to be 3.8 ± 1.2 × 10−23 m
√
Hz−1 at 10 K and 5.7 ± 1.8 × 10−23 m
√
Hz−1 at 20 K, a fac-
tor of ≈10 below a technical noise requirement.
6.10 Thermal noise of a bonded silicon test mass for ET
A possible cryogenic silicon ET mass design was modelled here, shown in Figure 6.14. This
design is also an estimate based loosely on an aLIGO geometry, with the bond area scaled
up to a size to suspend the ET mass with a similar safety margin in tensile strength as the
aLIGO masses. This mass has the same diameter as the sapphire option, 500 mm, but a
dierent thickness of 463 mm. It also modelled to be 211 kg and have a 90 mm radius laser
beam incident upon it.
In the case of bonded silicon, the total interface layer that is modelled must include both the
hydroxide catalysis bond and an additional contribution from the necessary silicon oxide
layers. Thus the total interface thickness used in this model is 261 nm, to fully encompass
the 61 nm bond thickness plus the 200 nm total oxide layer thickness.
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Figure 6.13: ET-LF Sensitivity curve [78]
The bond loss term reported by Prokhorov et al. [166] for bonds between silicon at 123 K,
2.3 ± 0.8 × 10−3, was used for this calculation. Currently there is no measured value in the
literature for the bond loss below 123 K, so the same loss value found at 123 K was also used
here for lower temperatures of 10 K and 20 K, giving values of 2.8 ± 0.5 × 10−22 m
√
Hz−1 at
10 K and 3.9 ± 0.6 × 10−22 m
√
Hz−1 at 20 K. The real bond loss at lower temperatures is
probably lower, so this calculation should serve as an upper bound on the thermal noise,
when compared to a technical noise budget of 5 × 10−22 m
√
Hz−1 at 20 K taken from the
total thermal noise budget at 10 Hz in Figure 6.13.
6.11 Discussion and conclusions
The thermal noise resulting from hydroxide catalysis bonds in several dierent bonded test
mass systems was calculated here, using the Young’s modulus value determined in Chap-
ter 5, 18.5±2.02.3 GPa. All values for aLIGO, A+, and KAGRA were calculated at a frequency
of 100 Hz. Values for ET-LF were calculated at 10 Hz. An existing aLIGO model was re-
analysed with the updated bond Young’s modulus value, re-computing the bond mechani-
cal loss angle and the strain energy, giving a value of 5.8 × 10−22 m
√
Hz−1, which is under
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Figure 6.14: Model of ET silicon test mass, diameter 500 mm, thickness 463 mm, weight 211 kg.
Modelled in ANSYS with an incident laser beam of radius 90 mm.
the aLIGO’s thermal noise budget of 7 × 10−22 m
√
Hz−1. For the next upgrade planned for
aLIGO, A+, a new ear geometry was presented and the thermal noise contribution of its
bond was calculated to be 3.8 × 10−22 m
√
Hz−1, which would meet an A+ 10% technical re-
quirement of 4 × 10−22 m
√
Hz−1. The bond thermal noise levels of two dierent cryogenic
sapphire masses were investigated, one with the dimensions of a KAGRA mass and the
other a possible design for a sapphire mass for ET. The thermal noise contribution of the
bonds to a KAGRA mass was 0.27/0.45 × 10−22 m
√
Hz−1 at 10/20 K which can be compared
to its requirement of 6 × 10−22 m
√
Hz−1. Similarly a value of 0.38/0.57 × 10−22 m
√
Hz−1 at
10/20 K was calculated for an ET sapphire mass option, compared to the same requirement
of 5 × 10−22 m
√
Hz−1.
Finally a bonded silicon mass that could be considered for the cryogenic ET-LF detector was
investigated, nding a value of 2.4 × 10−22 m
√
Hz−1 at 123 K, as well as 2.8/3.9 × 10−22 m
√
Hz−1
at 10/20 K compared to the proposed thermal noise limit of 5 × 10−22 m
√
Hz−1. Here the
largest contribution to bond thermal noise comes from the thicker silicon oxide layers, not
the bond itself.
The system parameters and upper limits on thermal noise calculated in this chapter are sum-
marised in Table 6.2. It should be noted, that this analysis included reasonable assumptions
of bond area, but no actual ear designs for either of the ET masses. Also, the mechanical
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Figure 6.15: Ground-based detector design strain sensitivity curves for comparison, where LCGT
has been renamed the KAGRA detector, and the Einstein GW Telescope includes both the ET-LF
and ET-HF detectors [79].
loss of bonds between silicon substrates uses a value measured at 123 K, so the actual loss
numbers at 20 K are expected to be lower. Future detectors such as Cosmic Explorer and
Voyager were not addressed here as the suspension designs aren’t yet mature enough to
properly model.
In all cases investigated here the hydroxide catalysis bonds meet the thermal noise require-
ments of the detector’s design sensitivity curves. A comparison of the detector sensitivity
curves is given in Figure 6.15. This indicates that hydroxide catalysis bonds continue to be a
good choice for the construction of quasi-monolithic suspensions in both room temperature
and cryogenic GW detectors.
104
C
H
A
PTER
6.
BO
N
D
YO
U
N
G
’S
M
O
D
U
LU
S
A
N
D
TEST
M
A
SS
TH
ERM
A
L
N
O
ISE
Detector aLIGO A+ KAGRA ET-LF-1 ET-LF-2
TM material fused silica fused silica sapphire sapphire silicon
TM mass (kg) 40 40 21 211 211
TM diameter (mm) 340 340 220 500 500
TM thickness (mm) 200 200 153 270 463
Ear(mmxmm)/no. 20x60/2 19.75x20/4 30x80/2 45x136/2 45x136/2
Beam radius (mm) 55 60 38 90 90
Assumed bond loss (×10−3) 170±2 170±2 1.4±0.4/ 1.8±0.6 1.4±0.4/ 1.8±0.6 2.25±0.75
Operating temperature (K) 293 293 10/20 10/20 10/20
Thermal noise, required* 7 4 6 5 5
Thermal noise, modelled* 5.8±0.6 3.8±0.4 0.27±0.09/0.45±0.015 0.38±0.12/0.57±0.18 2.8±0.5/3.9±0.6
Table 6.2: Comparison of detector test mass parameters, thermal noise requirements, and modelled noise levels. *In units of (10−22m/
√
Hz).
Chapter 7
Indium as a bond material in
cryogenic GW detectors
7.1 Introduction
A new hybrid suspension design utilizing both indium and hydroxide catalysis bonding is
being considered for current cryogenic detectors such as KAGRA [64, 173]. In this proposed
design the hydroxide catalysis bonds would be used to hold the test masses to an interface
piece (ear), making use of their strength under shear stress, as in room temperature detec-
tors such as GEO600, VIRGO, and aLIGO [8, 174–176].
Indium’s low shear and tensile strength means it cannot be used as a joint under shear or
tensile loads. Instead it is being considered for compressive joints between the bres and
ears as well as between the bres and blade springs in a cryogenic suspension design, a
possible example of which is shown in Figure 7.1.
Indium is included in suspension design for contingency reasons, since indium can be
de-bonded and re-bonded fairly easily, whereas de-bonding hydroxide catalysis bonds is
more dicult. In the event of a bre break or a test mass upgrade, the whole bonded test
mass assembly could be removed by de-bonding the indium bond interface, then replaced
by re-bonding it, making it a good option for future cryogenic mirror suspensions.
Some research into indium bonding of sapphire substrates in GW detectors has been done,
focussing on the thermal conductivity and mechanical loss of indium [109, 110]. In this
chapter the bonding of silicon substrates is focussed on, as silicon is under consideration
for next generation cryogenic optic and suspension designs in the Einstein Telescope and
Voyager detector [62, 78, 83].
While the suspension designs of these future detectors are not yet nalised, indium could
be considered for compressive joints in these cryogenic suspensions and so repeatable in-
dium bonding procedures that could be used in future detectors are required and signicant
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Figure 7.1: Cryogenic KAGRA suspension design with proposed indium bond placement [64]
advancements towards such procedures are presented in this chapter.
7.1.1 Aim and approach
As mentioned in Chapter 2, a few dierent approaches to indium bonding were considered,
with techniques using indium foils or thin evaporated indium lms as a layer of bond ma-
terial selected as the most suitable approaches for GW detector design.
Research into the mechanical loss of indium bonds suggests that bond thicknesses of 10 µm
or less are required to meet current KAGRA detector thermal noise requirements in sap-
phire suspensions [142, 173]. Although it is easier to create an indium bond using thicker
layers of metal, unfortunately they are not suitable for use in GW detectors, as bonds that
that are much thicker than 10 µm would be expected to have unacceptably high thermal
noise. Instead, this chapter focusses on a two step approach to create reliable indium bond-
ing procedures using small amounts of indium. The rst step is the production and cold
welding of oxide free indium layers, and the second is the application of heat and pressure
to create a diusion bond.
Dierent combinations of thin indium foils and thermally deposited indium coatings as
well as dierent approaches to provide the necessary heat and pressure are explored here
for feasibility as bonding techniques for cryogenic GW detectors.
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Ease of installation is not the only requirement that bonds in a GW detector face. Proper-
ties such as high thermal conductivity, low contribution to thermal noise, and repeatably
high quality are also very important for future generation GW detectors. Developing re-
liable and practical procedures for indium bonding in cryogenic mirror suspensions that
retain these properties is the focus of this chapter. The results of two dierent approaches
to achieve indium bonds of repeatable strength with thin evaporated layers and foils on
silicon substrates are presented here. Full procedures for both methods can be found in
Appendix A.
7.2 Preparation and cleaning of bond substrates
Silicon was chosen for use in this study, as along with sapphire it is the material most likely
to be used for optical and suspension components of cryogenic GW detectors. Of the three
materials most often used in GW materials research, fused silica, sapphire, and silicon, in-
dium will bond readily to sapphire and fused silica as they are oxide materials, but less
readily to silicon. Thus if these bonding approaches work for pure silicon, they should also
work for oxide materials.
Most of the silicon substrates used in this study (88 of 120) were single crystal silicon from
the same ShinEtsu [177] ingot. The sample dimensions were 5 mm x 10 mm x 20 mm, and
they were cut and polished at Spanoptic [178]. The bond surfaces were <111> plane silicon,
5 mm x 10 mm in area.
The remaining 32 samples were 5 mm x 10 mm x 10 mmsilicon, with the bond surface in
the <111> plane, and 5 mm x 10 mm in area.
In all cases, the samples were inspected for defects and the atness measured prior to clean-
ing. Peak-to-valley atness measurements were taken of each of the bond surfaces on a
ZYGO GPI XP/D interferometer [129] using the same method as in Chapter 3, (Figure 3.2).
The average atness and standard deviation of all silicon samples used in the study was
60 ± 15 nm. All measured atness values are shown in Figure 7.2.
The silicon samples were all solvent cleaned the same way prior to bonding, in an ultra-
sonic bath of acetone, isopropanol and methanol as explained in detail in Appendix A.
7.3 Preparing a jointing layer: thermal deposition
An Emitech K950X Evaporator[156] was used in this experiment to deposit indium onto
the 5 mm x 10 mm silicon bond surfaces after they were solvent cleaned. The evaporator
works by placing a small piece of metal (in this case indium) into a tungsten basket, placing
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Figure 7.2: PV atness measurements of bond surfaces of ShinEtsu silicon samples
the clean silicon samples bond side up in the base of the vacuum chamber, pumping the
vacuum chamber down to 9×10−4mbar and running a high current through the electrodes
attached to the tungsten basket. The metal in the basket is evaporated, and coats every-
thing inside the chamber. The thickness of the indium actually deposited on the samples is
quantied via the following approach; indium pieces are weighed before loading them into
the evaporator and an additional silicon sample is coated in each run. This silicon witness
sample is also etched at the same time as the other samples, then the indium layer thickness
is measured as explained in Section 7.3.1.
7.3.1 Thickness measurements of deposited indium layers
The Emitech evaporator [156] does not have a built in way of regulating or measuring de-
posited layer thickness. Initially, part of the silicon witness sample was masked with tape
before coating. The tape was then removed and the step between the indium coating and
the silicon substrate was measured with a Wyko NT1100 white light interferometer [131],
shown in Figure 7.3.
This proved to be an unreliable measurement, due in part to the dierent reectivity of
the indium layer and of the silicon substrates which made it dicult for the Wyko to focus
on both layers during one scan across the whole surface. Also the non-uniformity of the
indium layer compared to the bare silicon substrate led to a high error, which can be seen
in the dierences between along the prole in the y-direction, which measured an average
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Figure 7.3: Wyko white light interferometer measurements of etched and un-etched indium foil,
50 µm.
step of 318 nm. The prole in the x-direction was also measured to be 224 nm, though it
runs along the coated and un-coated edge and as such it was expected to have a higher
associated error. Both measurements are shown in Figure 7.3. The error for this method
was 100-200 nm in the y-direction depending on the uniformity of the indium coating.
A more repeatable and faster way of measuring indium layer thickness was to use a Shi-
madzu EDX-8000 Energy Dispersive X-ray Fluorescence Spectrometer (EDXRF) system
[159]. The EDXRF machine performs non-destructive elemental analysis by irradiating ma-
terials placed inside it with an X-ray source and measuring the X-ray uorescence peaks
that are emitted from the material.
As the uorescent X-ray intensity is a function of concentration, quantitative analysis is
also possible by measuring the amount of X-rays at the wavelength specic to each ele-
ment. Another silicon sample coated in the same run as measured in Figure 7.3 was mea-
sured in the EDXRF as well, which gave an indium layer thickness of 282 ± 10 nm as shown
in Figure 7.4. This approach was used to measure the thickness of the indium layers for the
rest of the study.
Using this technique the layer thickness of each indium run can be controlled by weigh-
ing each metal piece that prior to loading it into the evaporator. In practice, the maximum
weight that can be used is 0.28 g. Any more than that and the indium gets too heavy and
falls out when melted instead of evaporating. One basket of 0.28 g of indium equates to
an evaporated layer of 200-350 nms thick, depending on what the sample height is in the
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EDX Report Report No.
Sample Information
Sample Nameindium_run_witness_sample
Comment indium film on silicon substrate
Group IndiumCoatedSilicon
Operator
Measurement Condition Collimator 3mm Atmos. Air
Channel kV uA Filter Acq. Analysis Time DT%
In                    50  510-Auto ----  0 - 40  23.74-24.54  Live- 100    30
Peak List
Channel Line Energy Inten. (cps/uA)
In                    InKa        24,14 95571  QF
---------------------------------- ------ --------- ------- ------- -------
Quantitative Result
Analyte Result Std.Dev. Calc.Proc Line Intensity
====[No. 1 Layer]====< Layer1               >================= ====== =========
Layer1               282.724 nm         [------] Total      --------  --------
In                     100.000 %          [ 0.740] Quan-FP    InKa       1.8735
====[Base]==========< Base                 >================= ====== =========
Si                     100.000 %          [------] Fix        --------  --------
Indium line Profile
Figure 7.4: EDXRF measurement of the indium thickness on a coated silicon witness sample. The
indium K훼 line is seen at 24.2 keV and its integrated strength is proportional to the thickness of the
indium layer deposited on the sample.
evaporation chamber, and how long the samples are allowed to be coated. The total bond
thickness of the evaporated indium layer is the witness sample thickness multiplied by two,
as two samples are contacted together to form each bond.
7.3.2 Structure of thermally deposited indium layers
Thin layer structure can be very dierent from the bulk structure for many materials, and
visually there were dierences in the reectivities of the indium layers depending on their
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thickness. Therefore the structure of the thin deposited layers was investigated, and com-
pared to bulk indium which has a tetragonal crystal structure [179]. Two samples were
coated with indium layers of thickness 200 nm and 500 nm as measured in the EDXRF, us-
ing fused silica as a substrate material instead of silicon, as the crystalline nature of silicon
would impact measurements but the amorphous fused silica should not. The samples were
measured in a Siemens/Bruker D5000 X-ray Powder Diraction (XRD) System [180]. Re-
sults of this test are shown in Figure 7.5 and compared to diraction peaks of bulk indium
[179] which are overlaid in the upper left hand corner.
The measured diraction peaks indicate a well dened crystal structure in both deposited
Figure 7.5: Measured diraction peaks of thermally deposited indium, with bulk indium diraction
peaks overlaid in the top left. Both layers are imaged on the right for reectivity comparison, where
the thinner layers on the bottom two substrates are highly reective and the thicker layers on the
top are less reective.
indium coatings, with the dominant peaks around 33 and 39 degrees matching those of bulk
indium. The integral of the diraction peak at roughly 2 ⋅ 휃 = 39 degrees is larger for the
thinner coating than for the thicker one, indicating that the growth mechanism favours
addition to a particular crystal face rst which then changes over the length of deposition
time. As the layers are deposited onto the samples, they are observed to be highly reec-
tive at the start, then get progressively cloudier as the coating gets thicker. A comparison
image of this is shown on the right in Figure 7.5. The change in crystal structure as the in-
dium layer grows thicker could account for the dierence in surface roughness for dierent
coating thicknesses.
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7.4 Cold welding the joint: mitigation of indium oxide
In practice the most dicult part of using indium as a bond material is dealing with the
indium oxide layer. Bonds will only occur if pure indium comes into contact with itself,
other metals, or non-metallic oxides such as fused silica. However, an oxide layer forms
nearly instantaneously on the indium surface as it is exposed to air, starting at 3-4 nm and
passivating at 8-10 nm after 2-3 days [93]. If the pure indium stays encased in this shell
of oxide, a bond cannot be created [107]. Two dierent oxide mitigation approaches are
discussed. One approach is to prevent the oxide from forming, the other is to remove the
oxide immediately before bonding.
7.4.1 Prevention of oxide formation: inert gas approach
Figure 7.6: Inert gas environment for cold welding indium coated samples; glovebox lled with
argon kept at positive pressure with the bonding jig and samples inside.
Here the approach of keeping the native oxide from forming was tried. The evaporator
chamber was ushed with argon several times before adding the clean silicon samples. The
indium deposition was carried out under vacuum, after which the coated samples were
transported from the evaporator to a glovebox purged with argon, and then placed into a
bonding jig which is shown in Figure 7.6. The jig was placed inside an airtight polycarbon-
ate box and purged with argon for transport to the strength tester, which was used to apply
pressure during bonding, while keeping the jig under positive pressure argon ow during
the whole bonding process.
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The full diusion bonding set-up is shown in Figure 7.7, with the specic temperature and
pressure values explained in Section 7.5.
7.4.2 Oxide removal: chemical etch approach
The second approach was to allow some oxide formation after the indium lm deposition,
and to remove it just before cold welding the indium surfaces together for bonding. This
was achieved by chemically etching the oxide from the indium, drying with nitrogen gas,
and immediately cold welding the samples together. A 7-10% solution of hydrochloric acid
and de-ionised water was used for the chemical etch. Each indium coated silicon substrate
was placed in this solution for 40 seconds, then immediately placed in clean deionised
water to quench the acid. After this step the samples were submerged briey in methanol
to get rid of the remaining water. They were then dried with nitrogen and cold welded
together and set in the bond jig.
The full procedure is described in Appendix A. Once the indium is cold welded together
the rest of the procedure can be performed in air, as the indium surfaces are no longer in
contact with air. The jig was transferred to the strength tester where the samples were
heated up to 145 ◦C and compressed to 1 MPa for 60 minutes in an air atmosphere, using
the set-up shown in Figure 7.7.
7.4.3 Comparison of oxide mitigation approaches
To see which approach led to stronger bonds, a batch of three bonds using the inert gas
approach were bonded during the same week as a batch of three chemically etched bonds.
Factors such as sample surface preparation, amount of indium deposited, evaporation time,
and temperature and pressure during bonding were kept the same in both runs, only the
oxide removal approach was changed. All samples were then tensile strength tested at the
same time, as per the procedure detailed in Chapter 3. These breaking stress results are
shown in Figure 7.8.
As is also seen in Figure 7.8, the chemical etch approach led to stronger bonds. If the
current facilities allowed a seamless transition from evaporator to bond jig in an inert gas
environment then this approach would most likely work well. Unfortunately, in practice
it is very dicult to keep the samples in a fully oxygen free environment through all the
steps, especially during transport from the evaporator to glovebox and during the bonding
itself. The glovebox was kept at positive pressure when samples were packed into the bond
jig, as was true for the transport jig box, but the possibility of air leaks was still quite high
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Figure 7.7: Pressure bond setup
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Figure 7.8: Strength test results of dierent oxide removal approaches
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for most of the procedure. Ideally this approach should take place in a a single vacuum or
inert gas chamber for the entirety of the procedure. This is not a feasible option for non-
industrial labs, and indeed would be dicult in practice for detector suspension assembly
procedures. Therefore the chemical etch approach was used for the remainder of the study.
7.5 Heat and pressure approach 1: diusion bonding
The rst approach to provide the necessary heat and pressure to create diusion bonded in-
dium was a retrot to the MKII Strength Testing Machine at IGR [135]. While this strength
tester is usually used to test the strength of fused silica bres, it can also be used to provide
the necessary calibrated pressure to samples compressed by its pressure foot. To prop-
erly do this, a custom bond jig that ts under the pressure foot was developed. This bond
jig, shown in Figure 7.7 is a metal assembly with cut outs on the bottom plate where the
5x10x20 mm silicon samples sit. Two power resistors were attached to the bottom plate
and hooked up to a 60 V power supply to provide heat. A PT1000 variable resistor sensing
element was epoxied to the bottom metal plate equidistant to both resistors to measure the
temperature of the samples and bond jig via the temperature dependant resistance of the
PT1000 sensor (see Appendix A).
Six 5 mm x 1 20mm x 20 mm silicon samples had indium layers thermally deposited onto
them and were cold welded together following the procedures explained in Section 7.4.2 to
form three 5 mm x 1 0mm x 40 mm samples with an indium bond in the middle. Three sam-
ples of this type were placed equidistant from each other in the bonding jig to complete the
bonding process. Having three samples per batch kept the distribution of pressure equal
between them via a three point contact. Once they were placed into the bonding jig a at
stainless steel plate was carefully placed over the top of the samples. The jig was then
placed in the retrotted strength testing machine.
The samples were compressed and then heated up to 135 ◦C. The heat is created by supply-
ing 60 V across the power resistors attached to the bond jig, while monitoring the temper-
ature via the temperature dependent resistor (which is also attached to the bond jig plate).
The retrotted strength tester provides at least 1 MPa per sample area of compression as
monitored by the load cell readout. The load cell was calibrated by hanging a 1 kg and 2 kg
weight from it and verifying that the readout read 1.00 kg and 2.00 kg. The experimental
setup is shown in Figure 7.7, and the full procedure is explained in detail in Appendix A.
Each bond run took about an hour, monitoring the temperature as it ramped up to 135 ◦C
and then turned the voltage down gradually to hold the temperature steady at 135 ◦C for
20 minutes. Typical bond temperature ramp curves are shown in Figure 7.9. For a diusion
bond to form between indium layers an elevated temperature is required, however it is not
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necessary to heat the indium up to its melting point of 157 ◦C [181].
Indium bonds that were created in this way were strength tested to judge bond quality
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Figure 7.9: Temperature curves for June 2017 indium diusion bond runs
using the same Zwick-Roell 200 kN machine [135], that was used to measure the tensile
strength of hydroxide catalysis bonded sapphire in Chapter 3.
It should be noted that the tensile strength of hydroxide catalysis bonds is very important
because they are used to bond interfaces together under high shear and tensile stress, in a
situation where there is a tendency for peeling to take place. Indium will only be used in
compression bonds. So while the tensile strength of the indium bonds is not as important as
for hydroxide catalysis bonds, it is used here as a standard by which to judge bond quality
and repeatability.
After breaking the bonds during tensile strength testing, the bond interfaces were visually
inspected and photographed and then imaged under an Olympus BX51 Nomarski Micro-
scope [160] to judge bond quality. Well bonded indium layers were visibly torn from one
silicon substrate and adhered to another and there was a tell-tale "speckle pattern" as well
which indicated a diusion bond had been formed over the surface. This can be seen in
Figure 7.10. Conversely, a poorly bonded surface looked very similar to a freshly deposited
indium coating, or had visibly cloudy areas that indicated oxide formation had impeded
cold welding in the rst place as shown in Figure 7.11.
Strength testing was performed to gauge two things, the repeatability of the bonds over a
statistically signicant number of bond runs and also the comparison of bond strength over
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Figure 7.10: Post-break visual inspection of the two halves of a high quality indium diusion bond
between silicon. The large images show the two silicon samples that were bonded together at 5x
magnication under the Nomarski microscope, with a smaller inset photo of the same surfaces. The
tensile strength at break was 6.1 MPa for this sample.
Figure 7.11: Post-break visual inspection of the two halves of a low quality indium diusion bond
between silicon. The large images show the two silicon samples that were bonded together at 5x
magnication under the Nomarski microscope, with a smaller photo of the same surfaces inset at
the bottom right. The tensile strength at break was 1.4 MPa for this sample.
time. Bonds of varying ages were strength tested at the same time to see if their strength
changed, which could indicate indium oxide growth occurring after bonding. There was
no trend in strength over time, as seen in Figure 7.12 which indicates that if the initial cold
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weld of oxide-free surfaces is successful then the indium bond will remain strong over time
with no oxide growth or degradation. The same strength results are plotted as a function of
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Figure 7.12: Tensile strength as a function of age, for all diusion bonded indium.
indium layer thickness, as shown in Figure 7.13. These results show that consistently good
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Figure 7.13: All diusion bond strength results as a function of deposited indium layer thickness.
quality indium bonds can be achieved using 400 nm to 700 nm thick indium layers.
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7.6 Heat and pressure approach 2: induction bonding
With cryogenic detectors that have indium bonds under compression in its suspension de-
sign, in-situ indium bonding procedures were considered. Due to the geometry of sus-
pension and optic interface parts, applying direct compression and prolonged heat to the
optic-suspension interface may not be feasible. Therefore, use of an induction heater was
proposed as a contact-less method of creating bonds by heating the jointing material, in-
dium, without heating the non-metallic optics or suspension components.
An induction heater is composed of a small driver circuit and a large induction coil, called
working coil, that metals can be placed inside and heated. When the circuit is powered, the
working coil has an alternating electric current running through it at a certain frequency
dened by the coil’s geometry and the circuit components. This AC current produces an
electromagnetic eld (EM eld) in and around the working coil, which will induce an equal
and opposing current according to Lenz’s law in metal objects that are placed inside the
coil, called an eddy current[182]. These eddy currents ow against the electrical resistivity
of the metal, which generates localised heating [183]. A schematic of this is seen in Fig-
ure 7.14.
The working coil and the metal object it heats function in a similar way to a transformer,
Figure 7.14: Schematic of induction heater coil and EM eld lines [183].
where the working coil is the transformer primary and the metal to be heated is the trans-
former secondary [182]. In a true transformer resistive heating is minimised to minimise
power loss, usually by making the transformer coils out of a good electrical conductor like
copper, which has an electrical resistivity of 16.8 nΩm. For an induction heater the oppo-
site is desired, the metals that are easiest to heat have a higher resistivity and are not the
best electrical conductors, iron for example has an electrical resistivity of 100 nΩm.
Most metals can be inductively heated, but some heat much faster than others. The rate
of heating of the metal is dependent on the frequency and intensity of the induced cur-
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rent, as well as the properties and geometry of the metal to be heated. The specic heat,
magnetic permeability, and the electrical resistivity of the metal all matter to the rate of
heating [183]. Metals that have a high electrical resistance will resist the induced currents
more, and heating will happen faster. Ferromagnetic metals like iron heat faster than non-
magnetic metals, as there is also heat generated via magnetic hysteresis loss [183].
The "skin eect" whereby most of the eddy currents produced in the metal piece are con-
centrated in its outer layer, or skin, is highly dependent on the frequency of the working
coil. Increasing the coil frequency will shift the induced eddy currents closer and closer to
the outer layer of metal, which can be calculated as the skin depth 훿푠 [182]
훿푠 =
√√√√[ 휌푟
휋푓휇
]
(7.1)
where 푓 is the working coil frequency, 휇 is the permeability of the metal, and 휌푟 is the
electrical resistivity of the metal. Indium has an electrical resistivity of 84 nΩm at room
temperature, and 291 nΩm at 154 ◦C [184]. Most conducting metals have a permeability
close to the vacuum permeability, 휇0 = 4휋 ⋅ 10−7Wb/Am. Given a volume magnetic sus-
ceptibility of 휒푣 = 7푥10−6 for indium, its magnetic permeability can be calculated via
휇indium = 휇0(1 + 휒푣). (7.2)
Therefore 휇indium ≈ 휇0 can be assumed for calculations. The resonant frequency of the
induction heater can be calculated via
푓resonant =
1
2휋
√
퐿퐶
(7.3)
where C is the capacitance of the driver circuit capacitor and L is the inductance of the
working coil. This frequency can also be measured by contacting oscilloscope leads across
the coil while running the circuit and viewing the sine wave frequency on the oscilloscope.
The inductance L can be calculated using the equation for a hollow core inductor, Equa-
tion 7.4, where 휇0 is again the vacuum permeability, 푁 is the number of coil turns, 퐴 the
coil area and 푙 the coil length.
퐿 =
휇표푁2퐴
푙
(7.4)
Equation 7.1 through Equation 7.4 were used to determine the induction heater character-
istics in the following sections.
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7.6.1 Initial industrial induction heater tests
The rst successful attempt at induction heating of indium for bonding was carried out in
Glasgow using an industrial Draper induction heater [185] by melting a 25 mm diameter,
50 µm thick indium foil in between two sapphire substrates, one 25 mm diameter cylinder,
one 50 mm diameter shown in Figure 7.15.
The sapphire was cleaned with methanol and the foil briey immersed in dilute HCL to
Figure 7.15: Draper induction heater coil and sample on left, bonded sample on right.
remove the indium oxide. It was rinsed in DI water, then rinsed with methanol, then dried
with nitrogen gas and set in between the substrates. No heat or compression was applied
at this point. A 30 mm diameter coil was set over the samples and heated for slightly over a
minute before turning the heater o. The temperature of the sapphire sample at this point
read 200 ◦C, measured with a non-contact IR gun pointed at the indium foil. After letting
the sample cool it was inspected to nd 30% of the indium layer had melted, with fringes
visible in some of the bonded sections, seen on the right side of Figure 7.15 The sample was
not strength tested with a machine, but did pass nger strength tests.
7.6.2 ELiTES project: induction bonded indium at the ICRR
Convinced that induction heating of indium in between sapphire was at least somewhat
feasible, an induction heating of indium project was pursued by the author at the Institute
for Cosmic Ray Research (ICRR) at the University of Tokyo in April 2016 as part of the
ELiTES (ET-LCGT Telescopes: Exchange of Scientists) exchange program.
The Draper tool used in Glasgow was an industrial tool built to heat large metal parts such
as M12 bolts on car wheels, and therefore had a much higher power rating (1750 W) and
lower frequency (50 Hz) than was required to heat the relatively small amounts of indium
used here. Here a lower power and higher frequency induction heater was built with the
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aim of being better suited to the small amounts of indium metal that would be used in
GW detector bonds. The circuit shown in Figure 7.16 was built and several dierent coil
and capacitance values were experimented with in order to nd an optimised design for
indium heating, following recommendations on building induction heaters by RM Cyber-
netics [186]. Operating frequencies of 100-400 kHz range were focussed on in this test, to
keep the eddy currents as close to the surface of the thin metal pieces as possible. Using an
inductor frequency in this range, an electrical resistivity of 84 nΩm, and a magnetic per-
meability of 휇indium ≈ 휇0 would equate to indium skin depths of 훿푠1 = 461 µm/100 kHz and
훿푠2 = 230 µm/400 kHz as calculated using Equation 7.1.
The working coil in this circuit is centre tapped meaning that instead of a simple one coil
Figure 7.16: Low power induction heater circuit
solenoid, the working coil consists of two smaller coils that are joined in the middle, which
can be seen in Figure 7.17. The centre of the coil is connected to the positive supply and
then each end of the coil is alternately connected to ground by the transistors so that the
current will ow back and forth in both directions [186].
There are voltage and current spikes during normal use of this circuit, as well as contin-
uous operating currents of up to 10 A. Thus the components in Table 7.1 were selected to
withstand high voltages and currents, as well as potentially higher temperatures due to the
operating current. Additionally, the mosfets were mounted on heat sinks, thick copper wire
that was specied to the operating currents was used and the temperature was carefully
monitored. Also, the heater was not used continuously for more than 5 minutes, to allow
the circuit components time to cool down between bonding runs.
The frequency listed in Table 7.1 was measured by hooking up a probe across the working
coil during operation and viewing the sine wave output on an oscilloscope screen. The
operating frequency of the circuit depends on the geometry of the working coil and the
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Circuit component Values
/characteristic /part number
R1/R2 240Ω/0.6 W
D1/D2 1N4002-E3/73 100 V/1 A
T1/T2 STP30NF10 100 V/35 A
L2 2 mH (17 turns on ferrite core)
C1 0.5 µF
L1 0.95 mH
푓resonant 247 kHz (4 turn copper coil 25 mm diameter)
Table 7.1: Circuit component values, part numbers, and operating frequency used in the ICRR in-
duction heater circuit
capacitance (value C1) in the circuit. If either of these is changed the resonant frequency
of the circuit will also change. The frequency can be calculated using Equation 7.1, where
C is the capacitance listed in the table, and L the inductance of the working coil.
For example, using 퐶 = 0.5µF and 퐿 = 0.95 µH gave an expected frequency of 231 kHz,
which was measured to be 247 kHz, matching reasonably well. The working coil was hand-
wound and its inductance value was not measured directly but roughly calculated using the
equation for a hollow core inductor, Equation 7.2. The completed circuit required a power
Figure 7.17: Induction heater circuit at the ICRR, on the left heating a screwdriver, on the right a
sample with indium in the middle
supply unit (PSU) that can provide an immediate input voltage of 15 V DC and up to 5 A of
current otherwise it will fail to resonate. If the power supply is not able to provide at least
this much current and voltage to the circuit when it is switched on, the transistors in the
circuit will not have a high enough voltage supply to work correctly and they will start to
heat up, which risks damaging the circuit [186]. A 8 A power supply worked for this circuit.
In normal operation this induction heater circuit draws 2-5 A with a supply voltage of 15 V,
which gives it a maximum power rating of P = IV = 5x15 =75 Ws, much lower than the
Draper tool previously used in Glasgow which had operating currents of 7.5 A, a voltage
rating of 230 V, for a power of 1750 W.
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A steel screwdriver tip was rst inserted into the working coil to test the circuit, and it
heated to red hot within 30 seconds, as seen in Figure 7.17. After the successful screw-
driver test a 0.55x1 cm square piece of indium foil was inserted in the same coil. It took 2
minutes to reach its melting temperature of 157 ◦C.
7.6.3 IGR induction bonding procedure
A ZVS 12-48 V 20 A 1000 W induction heater circuit and a high voltage/high current power
supply were procured to continue this induction heating study at the University of Glas-
gow. This PSU, a PeakTech 1560 switching mode power supply [187], can supply up to 32 V
and 30 A. It was current limited to 15 A for safety, but in practice operating currents did not
get over 10 A (with a power rating of 320 W). The wire leads between the circuit and the
power supply were rated to withstand over 15 A. The circuit had six 0.33 µF capacitors as
received, shown in Figure 7.18. Two of these capacitors were removed initially to increase
the resonant frequency of the circuit.
A working coil was xed tightly between two brass terminals. A selection of coil geome-
tries, shown in Figure 7.19 was tested by putting one 50 µm indium foil topped 5 mmx10 mmx20 mm
silicon sample into the centre of the working coil. Then the induction heater was powered
on and the indium layer monitored for signs of melting, as shown in Figure 7.18. The tem-
perature of the indium layer, the working coil, and the circuit were all observed with an
infra-red FLIR camera [188] during these tests. The temperature of the circuit components
was seen to rise at running times of longer than two minutes, so the running time of the
circuit was kept to 2 minutes or less for safety reasons. Many dierent working coils were
tried, using pure copper wire of 2 mm diameter up to 6 mm diameter copper rod. Copper
rod with a diameter less than 6 mm was found to be insuciently rated for the high levels
of operating current, resulting in the working coil quickly heating up and annealing itself,
as can be seen in some of the test coils on the left in Figure 7.19. Bare copper is also rec-
ommended, as most wire insulations will melt at these operating temperatures. Of the coils
tested, a 4 turn, 6 mm diameter copper rod, 2.7 cm inner diameter, 3.9 cm outer diameter and
3.3 cm long working coil performed the best, melting indium foils 50 µm thick on silicon
substrates after run times of under a minute.
Using Equation 7.4, a working coil inductance of 0.43 µH can be calculated, and using Equa-
tion 7.3 to calculate 푓resonant where 퐶 = 4 ⋅ 0.33 = 1.32 µF gives a calculated resonant
frequency of 푓resonant = 211 kHz. The true frequency of the circuit was measured across
the working coil with a oscilloscope to be 208 kHz, agreeing well with the calculated value.
Using Equation 7.1, a frequency of 208 kHz, electrical resistivity of 84 nΩm, and a magnetic
permeability of 휇indium ≈ 휇0 a skin depth of 319 µm is calculated for indium.
The circuit diagram for Figure 7.18 was not available from the manufacturer, however it
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Figure 7.18: Induction heater
Figure 7.19: Induction heater test coils
was available on-line (Figure 7.20 [189]). The nished setup using this coil is shown in Fig-
ure 7.21. Silicon samples, 5 mm x 10 mm x 20 mm, were prepared by solvent cleaning and
then indium coating them in an evaporator [156]. The indium oxide was removed with an
acid etch, an indium foil ≈50 µm thick was added between them and the two substrates
were cold welded together, as per the procedure outlined in Appendix A. The nished
5 mm x 10 mm x 40 mm samples were set upright on a silica base with the bond interface
centred in the coil in x, y, and z directions for optimal and uniform heating.
The cold welded samples, three per run, were induction heated and compressed with 11.1 kg
of weight, placed carefully on top of a plexiglass and metal jig. A microscope slide was xed
between the silicon samples and the plexiglass plate to shield the plexiglass from the heat
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Figure 7.20: Induction heater circuit diagram
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Figure 7.21: Induction bonding setup
of the inductor coil. Using 휎 = F∕A, where the area was three 4.7 mm x 9.7 mm bonds
(the bond surface being chamfered down from the 5 mm x 10 mm outer dimensions) gives
0.8 MPa of pressure across the total bond area. The same weight and bond surface area was
used for all induction bonds in this study. Although indium bonds are currently being con-
sidered for use in cryogenic detectors, the bond surface area per test mass and the weights
of the test masses are not yet fully dened. It is possible the induction bonds in cryogenic
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detectors could see higher pressures of 3 MPa. This is determined by the weight of the test
mass and the geometry of the attached ears. It is possible that the quality of bonds improves
at higher pressures. Ideally a pressure which simulates the weight of a real cryogenic test
mass compressing indium bonds of the correct size should be investigated.
7.6.4 IGR induction bonding results
Eighteen induction bonded silicon samples with indium layers of 30-50 µm were induction
bonded. With an operating time of 2 minutes the temperature of the indium layer rose
above indium’s melting point of 157 ◦C, as measured with the FLIR non-contact thermal
imaging camera [188] shown in Figure 7.22. The samples were then strength tested, and
Figure 7.22: Thermal images of induction bonding indium foil between silicon substrates. The in-
dium foil interface is in the middle of the two silicon substrates, which is not visible in this image
as it is behind the induction coil.
the bond interfaces were visually inspected and photographed. They were also imaged
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under an Olympus BX51 Nomarski Microscope [160] to judge bond quality. Well bonded
indium layers were visibly torn o of one silicon substrate and adhered to another, as shown
in Figure 7.23.
Conversely a poorly bonded surface looked very similar to a freshly deposited indium coat-
ing, or had visibly cloudy areas that indicated oxide formation had impeded cold welding
in the rst place as shown in Figure 7.24.
The broken samples were placed in categories based on a post-break visual examination
Figure 7.23: Post-break visual inspection of a high quality indium bond, photo and microscope im-
ages at 5x magnication. Tensile strength at break 11.6 MPa
Figure 7.24: Post-break visual inspection of a low quality indium bond, photo and microscope images
at 5x magnication. Tensile strength at break 0 MPa
of indium layer adhesion. The extent of adhesion in terms of the percentage of the total
bond surface area as observed from the photographs and microscope images was recorded.
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Three categories of bond quality were dened; one being 5% or less adhesion between in-
dium layers, the second being 5%-29% and the third was adhesion of 30% or higher across
the indium layer, as noted in Figure 7.25.
The strength testing results of these eighteen samples, separated into the three categories
of extent of adhesion across the bond interface, are shown in Figure 7.25.
The amount of layer transfer and adhesion proved to be correlated to the bond strength.
0.0	
2.0	
4.0	
6.0	
8.0	
10.0	
12.0	
14.0	
16.0	
0	 2	 4	 6	 8	 10	 12	 14	 16	 18	 20	
St
re
ng
th
		(
M
Pa
)	
Sample	
30%	or	more	indium	
layer	transfer	
5%-29%	indium	layer	
transfer	
4%	or	less	indium	
layer	transfer	
Figure 7.25: Tensile strength of induction bonded indium lm and foil, 30-50 µm thick bond layers.
Grouped according to amount of indium interface adhesion.
This indicates that if the initial cold weld is successful then the bond will be strong. How-
ever if the indium oxide layer is not fully removed the surfaces will not cold weld together
and the bond will not form.
The amount of metal in an induction heater’s working coil and the frequency of the work-
ing coil must be optimised with respect to each other to produce the ideal heating. The
smaller the amount of metal there is in the coil, the more dicult this becomes. To prop-
erly heat very thin or small metal layers, the eddy currents should be concentrated at the
surface of the metal as much as possible, which means minimising the skin depth. In the
previous calculations for skin depth, using Equation 7.1, it can be seen that the depth the
eddy currents penetrate into the metal is inversely proportional to the square root of in-
duction heater frequency. Thus the operating frequency for small amounts of metal needs
to be as high as possible.
Since a minimum of interface material is desired in GW detectors for mechanical loss rea-
sons nine more cold welded samples were prepared. This time the indium foil was not
included, only thermally deposited indium coatings of thickness < 700 nm. Since there
was much less metal in these bonds compared to those containing the foil, the resonant
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frequency of the induction heater was also pushed as high as possible. A third capacitor
was removed and a new coil was wound, with three turns of 6 mm diameter copper rod,
2.5 cm inner diameter, 3.8 cm outer diameter and 2.5 cm long, with a calculated inductance
of 0.32 µH. With 퐶 = 3 ⋅ 0.33 = 0.99 µF this gives us a calculated resonant frequency of
푓resonant =283 kHz. The true frequency of the circuit was measured across the working coil
with a oscilloscope to be 250 kHz, which equates to a skin depth of 291 µm.
Unfortunately when the silicon samples were loaded into the coil and compressed as before,
FLIR images of the induction heater as it ran showed only minimal increase in tempera-
ture, and that was mostly due to the working coil getting hotter, as shown in Figure 7.26.
These nine samples were strength tested with the rest but the strength results were very
Figure 7.26: Thermal images of an attempted thin lm indium bond between silicon substrates. The
indium lm interface is in the middle of the two silicon substrates, which is not visible in this image
due as it is behind the induction coil.
low, shown in Figure 7.27 with their standard errors. The average tensile strength was
0.6±0.2 MPa. All samples exhibited 5% or less adhesion between indium layers during a
post-break inspection of the interfaces.
The tensile strength results of all the induction bonded indium samples is summarised in
Figure 7.28. These results indicate good quality bonds can be achieved via induction bond-
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Figure 7.27: Strength of induction bonded indium lm between silicon substrates, with indium layer
thickness of 650 nm and 680 nm. All samples exhibited 5% or less adhesion post-break.
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Figure 7.28: All induction bonded indium to silicon samples and calculated standard error, as a
function of indium layer thickness
ing depending on the outcome of a few key factors. One, the success of the initial cold
weld is essential for bond formation. Two, that the right combination of induction heater
resonant frequency plus amount of indium placed into the working coil is used for optimal
skin depth and heating. If there is too little metal and the the working coil frequency is too
low the eddy currents are not properly induced into the layer and little heating happens.
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Similarly, if the resonant frequency of the coil is too high for larger bulk metals then the
sample will also not heat eciently. Thus, better quality bonds were achieved using the
addition of indium foils compared to using only thin lm layers, due to the relative levels
of heating.
7.7 Indium bonding results and analysis
Figures 7.29 and 7.30 show all the indium bond tensile strength results for both approaches
in this study, pressure bonding and induction bonding. The strength of all of the bonds in
the study ranged from 0-13.5 MPa. There was no correlation found for bond age or batch
to tensile strength.
The approach that produced the weakest bonds was using the induction heater on samples
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Figure 7.29: All indium bonded silicon samples with calculated standard error, as a function of
indium layer thickness
with an indium layer thickness of 650 nm and 680 nm. As mentioned earlier, to take account
of the smaller amount of indium in this test the operating frequency of the induction heater
was increased to 240 kHz by removal of another capacitor and winding a working coil with
fewer turns and slightly smaller diameter (N=3 and coil diameter=25 mm). Ideally the eddy
currents would be concentrated as close as possible to the surface of the 700 nm thick in-
dium layer, which would need an operating frequency of around 40 GHz. This far exceeds
the possible operating frequency of the existing induction circuit however, and would need
a new one to be designed and built in order to achieve GHz operating frequencies for nm
thick indium layer heating.
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Figure 7.30: Strength comparison of all indium bonded silicon samples by bond type
The breaking stress of the induction heated thin lm indium bonds was 0-1.7 MPa, with the
FLIR thermal images during bonding showing only a minimal increase in temperature over
a 2 minute running time, from room temperature to 40 ◦C.
Cold welded indium in 650-680 nm thick solder joints has been reported to have tensile
strengths of up to 1.86 MPa [93]. Considering this, plus the fact that there was only a
minimal increase in temperature during induction indicates that these samples were only
weakly cold welded together.
When considering all of the indium bonds made with all approaches in this study, the dif-
fusion bonded thin lm indium strengths ranged from 1.4-11.7 MPa, whereas the induction
bonded foils had a higher spread in strength, from 0-13.5 MPa.
It is postulated that the breaking stress of all the indium bonds created in this experiment
was correlated to the initial success of the cold welding step, which can be seen for example
in Figure 7.25. This eect may be enhanced due to the melting point of indium oxide being
much higher than bulk indium, 1910 ◦C compared to 157 ◦C [105]. This means that if the
indium interface is heated to 157 ◦C with an indium oxide layer still present, the bulk metal
cannot break through the oxide layer and a bond will not be easily formed.
7.8 Summary and recommendations
This study has shown that two approaches, diusion bonding and induction bonding, to
produce indium bonds for gravitational wave detectors are feasible and can produce good
quality bonds. All the indium bonds in this study were tensile strength tested to judge
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bond quality using the same strength tester as for the hydroxide catalysis bonded sapphire
in Chapter 3. It should be noted that the tensile strength of hydroxide catalysis bonds is
very important because they are used to bond high tensile stress interfaces together. In-
dium on the other hand would only be used in compression bonds. So while the tensile
strength of the indium bonds is not as important as for hydroxide catalysis bonds, it was
used here as a standard by which to judge bond quality and repeatability.
There are some recommendations for further work to improve the repeatability of the in-
duction bonded indium layers. The rst would be to investigate induction bonding of thin-
ner indium foils. Foils of 50 µm thick were the thinnest foil that could be procured in the
UK, however there may be thinner ones available. From previous mechanical loss mea-
surements of indium joints carried out by colleagues at KAGRA [142], foils of 1-10 µm
thick would have acceptable loss levels for KAGRA [142], so having an induction heater
that worked on them would be ideal. If a 10 µm thick foil was not available on the market,
procuring a foil of 25 µm thick or so and then etching it with nitric acid until it reaches
a thickness of 10 µm could be tried. Rolling the foil out to be thinner could also be tried.
However, both rolling and etching of thicker foil may not give the desired layer uniformity
so it is recommended to start with the thinnest available foil.
Oxide mitigation on the indium lm and foil samples used in the induction tests was espe-
cially dicult. There were three indium surfaces to etch, two lms and one foil, so it was
dicult to keep oxide from forming on at least one of those surfaces. In the procedure that
was developed here, the foil is rst taken out of a methanol bath and dried with nitrogen
gas. Then the rst indium coated silicon sample is etched for 40-45 seconds, quenched in
RO water for 10 seconds and methanol for 10 seconds and dried with nitrogen gas before
cold welding it to the foil. The same etch process is then repeated as quickly as possible
for the second silicon sample, and cold welded to the other side of the foil. Done this way
one side of the foil is in air for a little over a minute before cold welding and the other side
is in air for about 2.5 minutes. The extra time spent in air for one side of the foil could
be the reason why some of the foil samples were well adhered to one side, but not to the
other. When one person performs this procedure in an air atmosphere, it is dicult to get
this time to be much shorter, as the samples have to be submerged in the dilute acid bath
for at least 40-45 seconds to get rid of oxide. However, there could be dierent approaches
that could improve this. If two people could etch samples at the same time, the exposure
to air could easily be reduced. Also placing the samples in a small inert gas enclosure after
etching could be investigated.
The FLIR camera images during induction bonding of the foils indicated temperatures of
158 ◦C during bonding, shown in Figure 7.22, which exceeds the melting point of indium.
The samples reached indium’s melting point at around one minute of operation, and the
circuit was kept on for two minutes total. It was not run for longer than this because one
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of the capacitors started to heat up around this time, though that may have been radiated
heat from one of the working coil legs. In further tests the induction heater could be tested
at longer running times and possibly air cooled with a fan, while monitoring the circuit
component temperature with a thermal imaging camera.
For indium layers of 700 nm or less the diusion bonding approach showed better results
than the induction heating approach (at a frequency of 240 kHz). Increasing the thickness
of the native oxide layer on the silicon substrates prior to coating them with indium could
increase the bond strength, and could be attempted in future experiments via growing a
thermal oxide.
Additionally, acoustic measurements with an ultrasonic transducer contacted to indium
bonded samples as described in Chapter 5 could also be considered as a non-destructive
method of assessing bond quality.
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Chapter 8
Conclusion and Outlook
Ground-based interferometric detectors with room temperature fused silica test masses and
suspension elements have proven to be sensitive enough to make the rst direct detection
of GWs. Binary systems of both black holes and neutron stars have been observed with
these detectors. The next step for GW astrophysics is to push the boundaries of detector
capabilities, in order to attain higher sensitivities necessary to increase the rate of GW de-
tections and further the eld. To do so, the observatories themselves are being redesigned
and upgraded using the knowledge gained from previous generations of detectors. The
sensitivity levels will be improved by controlling noise sources to a greater degree. One
way of doing this is to operate the detectors at cryogenic temperatures, thereby reducing
the overall thermal noise of the system.
This necessitates a change in the material chosen for use in the optics of GW detectors
and their suspension elements. Fused silica exhibits a broad loss peak which is centred at
40 K. This is not a problem for room temperature operation, however it makes fused silica
unsuitable for use at cryogenic temperatures. Currently the top two materials favoured by
the GW community for use in the optics and suspension elements in cryogenic detectors
are sapphire and silicon. Sapphire is already being implemented as a part of the KAGRA
detector, while silicon is proposed for use in future detectors such as ET.
In this thesis a number of dierent studies of the properties of hydroxide catalysis bonds
between silica or sapphire were presented. All bonds were made with sodium silicate so-
lution. The strength of hydroxide catalysis bonds between c-plane sapphire substrates as a
function of curing time were explored, with the short curing time data giving insight into
the chemical process of the bonds as they develop. Knowing the strength of such bonds
after longer curing times is crucial for the development of suspended sapphire optics. This
provides information useful in ensuring the bonds will be strong enough to support test
masses in cryogenic suspensions; by informing suspension design in deciding what area of
bonded interface is sucient.
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It was found that hydroxide catalysis bonded c-plane sapphire showed an initial drop in
strength, which levelled o at 15-16 MPa. These results were consistent with curing time
data for sapphire obtained previously. They also agree with analysis of past bonded fused
silica data at dierent curing times, that was gathered over many years. Bonded fused silica
has been a part of GW detector suspensions since the 1990s. It is proposed that the pres-
ence of water forms additional hydrogen bonds between itself, the bonding solution, and
the substrate surfaces during the early stages of bonding. The number of hydrogen bonds
will decrease while the number of siloxane bonds increases and the bond cures. The de-
crease in hydrogen bonds as the water evaporates could account for a slight drop in strength
as the hydroxide catalysis bonds stabilise.
The strength of bonds between m-m plane and a-a plane sapphire was also investigated,
and found to be comparable with the strength of bonds between c-c plane sapphire.
As hydroxide catalysis bonds are currently used or planned for use in all current ground-
based detectors, their material properties have to be well understood. In particular the
values for density, Poisson ratio, and Young’s modulus of hydroxide catalysis bonds are
necessary to calculate their contribution to detector thermal noise. The density of hydrox-
ide catalysis bonds was calculated previously, and the Poisson ratio of the bond material
is inferred to be the same as fused silica. The Young’s modulus proved to be challenging
to characterise due to the bond being, by denition, thin and in-accessible. One measure-
ment of a hydroxide catalysis bond Young’s modulus is available in the literature, a value
of 7.9 GPa. In this case a bond was altered to make it articially thick to allow for a nano-
indentation measurement. This value has historically been used to determine thermal noise
arising from the bonds for aLIGO.
However, as the sensitivity of detectors improves, it is necessary to obtain more accurate
values for the bond properties that directly contribute to the overall thermal noise of GW
detectors. Thus a non-destructive technique for obtaining Young’s modulus values of hy-
droxide catalysis bonds was developed and presented here, using acoustic pulse measure-
ments. A Bayesian analysis model was also developed for the hydroxide catalysis bonded
fused silica, resulting in a value of 18.5±2.02.3 GPa, with a 90% condence range. This result
agreed within error with the Young’s modulus values found for hydroxide catalysis bonds
between sapphire substrates, of 15.3 ± 5.2GPa. For hydroxide catalysis bonds between sil-
icon samples, it is a requirement of the bond process that the silicon is oxidised prior to
bonding, otherwise a bond will not form reliably. However, the addition of oxide layers
complicates acoustic measurements of the bond. Currently the analysis model is for a re-
ected acoustic signal from a single layer. The addition of oxide layers on either side of
the bond would necessitate the development of a dierent and more sophisticated model.
Thus it is assumed that the Young’s modulus value for bonds between silicon substrates is
approximately the same as those between fused silica and sapphire.
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The Young’s modulus value determined in this study, 18.5±2.02.3 GPa, was used to model the
thermal noise contributions of bonded test masses in various current and future congu-
rations of ear and test mass and compare them to the proposed noise budgets of proposed
future detectors. Two room temperature fused silica masses were modelled, representing
designs for Advanced LIGO and the proposed aLIGO "A+" upgrade mass. Three dier-
ent bonded cryogenic masses were also modelled, a sapphire KAGRA mass, a sapphire ET
mass, and a silicon ET mass. For the cryogenic KAGRA and ET test masses the thermal
noise contribution of the bonds met the proposed requirements. In all cases investigated
here the hydroxide catalysis bonds meet the proposed thermal noise requirements, based
on each detector’s design sensitivity curves, making them appropriate for use in current
and future generation detectors.
The development of indium bonding procedures for GW detectors was also studied. The
possibility of new hybrid suspension designs that utilize both indium and hydroxide catal-
ysis bonding is being considered for use in cryogenic detectors such as KAGRA or ET. It
is proposed that the hydroxide catalysis bonds would be used to join the test masses to
suspension interfaces. This would make use of their high strength under shear and ten-
sile stresses, as has been used in the past for room temperature detectors such as GEO600,
VIRGO, and aLIGO.
Along with hydroxide catalysis bonds, indium is proposed to be used in compressive joints
such as the interface between a suspension bre and a bladespring, or between a bre and
ear interface piece. Indium’s low shear and tensile strength means it also cannot be used
as a joint under shear or tensile loads. The addition of compressive indium joints would
be considered for contingency reasons, since indium can be de-bonded and re-bonded rela-
tively easily, whereas hydroxide catalysis bonds are dicult to de-bond after they are fully
cured without risk of damage to the mirror substrates. In detectors with fused silica optics
and suspension elements the bres can be repaired by undoing the laser welds, as long as
the ear interfaces remain intact. Currently laser weld repair is not an option for crystalline
bres such as silicon or sapphire. Thus an interface that can be de-bonded and re-bonded
to replace bres or test masses is necessary for future cryogenic mirror suspensions.
In this thesis two indium bonding approaches were investigated, diusion bonding and in-
duction bonding. In both cases the substrates used were polished silicon, and the indium
layers between them were made of a combination of thin thermally deposited lms and
foils. The tensile strength and a post-break visual inspection of the indium bonds were
used as standards by which to judge bond quality and repeatability. Silicon was chosen
as the substrate material in this study, as it is one of the most likely choices for substrate
material in future cryogenic detectors, along with sapphire.
In this thesis the rst steps were taken to develop reliable bonding procedures of silicon
with indium for GW detectors.
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A custom bond jig that provided heat and pressure to silicon samples with indium inter-
faces was developed for the diusion bonding approach. This approach provided 135 ◦C
and 1 MPa to the bonds over ≈ 45 minutes, and achieved repeatably good quality bonds.
However, applying the same amount of heat for the period of time that is necessary, 1 hour,
would be dicult to do with real GW detector parts, as it would involve heating the test
mass up to 135 ◦C for an extended period of time. This is usually avoided due to risk of
damage to the optical coatings.
For the induction bonding approach, dierent coil geometries and operating frequencies
of induction circuits were investigated. It is also a relatively fast procedure, requiring only
≈2 minutes to melt the indium at temperatures of 157 ◦C or more. Most importantly, the
heating is localised to the indium layer, and uses no additional pressure, which makes it a
practical and low stress approach for bonding GW detector test masses. For indium lay-
ers of 700 nm or less the diusion bonding approach showed higher and more repeatable
bond strengths than the induction heating approach did (at a frequency of 240 kHz). It is
proposed that for future tests a higher frequency induction heater be used to improve the
quality of thin bonds. For microns thick indium layers the induction bond approach was
successful. It was found that the bond quality of both approaches relied on the quality of
the initial cold weld, with any indium oxide in the interface preventing a cold weld and
thus a bond from forming.
The results presented here demonstrate the feasibility of using indium bonds for compres-
sive joints in GW detectors. Two procedures for preparing good quality indium bonds of
various thicknesses have been developed, with enough exibility to be customisable for
bonding in-situ in GW detectors. More development to improve the repeatability of the
indium bonds is needed, with some recommendations given in this thesis how to proceed.
It is also recommended that the thermal conductivity of indium bonded silicon be measured
prior to its inclusion in a detector.
It has also been shown that hydroxide catalysis bonds continue to be a good choice for
the construction of quasi-monolithic suspensions. Their mix of high tensile strength over
long term curing times, well understood material properties and low levels of thermal noise
make them ideal for use in both room temperature and future cryogenic GW detectors.
Appendix A
Indium bonding procedures
The following appendix is written as a two part procedural document. The rst section
outlines the procedure for the induction bonding of indium between silicon substrates, and
the second section outlines the pressure bond approach for indium bonded silicon. Though
silicon substrates were used in this study, these procedures can also be used to bond other
materials together with indium, such as fused silica and sapphire. The context, applications,
and results of the indium bonding procedures investigated in this study is in . Here the
separate procedures are written in full for others to follow.
A.1 Materials list for both procedures
Below is the list of items and equipment needed for the sample cleaning, preparation, in-
dium thermal layer deposition, and cold weld steps of both indium bond procedures.
1. Access to cleanroom owbench with sinks
2. nitrile gloves, cleanroom wipes
3. acid proof gloves, apron and eyewear
4. crossed tweezers (PEEK or teon tips preferred)
5. clean scalpel
6. stainless steel scissors
7. small ultrasonic bath
8. scale that is sensitive to 0.01 gram
141
142 APPENDIX A. INDIUM BONDING PROCEDURES
9. chemicals: reagent grade acetone, isopropanol, and methanol. Spectroscopic grade
methanol. Hydrochloric acid. DI water.
10. Non-chlorinated solvents waste disposal container
11. HCL acid waste disposal container
12. indium (Bulk, wire, foil, etc.)
13. chemical spray bottles for acetone, isopropanol, and methanol.
14. beakers: 1x glass 500 ml 6x plastic 500 ml 1x plastic 50 ml
15. petri dishes: 3x large teon petri dishes, 1x small glass and 2x large glass
16. clean nitrogen gun
17. stopwatch
18. Thermal evaporator such as Emitech K950X
A.2 Indium bond sample preparation
The samples referred to below were pieces of 5x5x10 mm single crystal silicon, procured
from Spanoptic with a bond surface atness requirement of 휆∕10. All samples had bond
surface atness measured on the Zygo previous to the rst cleaning steps below. The full
procedures are as follows, all cleaning and etching steps should be performed in a clean
room to prevent contaminants from getting into the bond interface. If reverse osmosis
(RO) water is not available, de-ionised (DI) water can be used.
A.2.1 Substrate cleaning procedure
1. Collect samples. Visually inspect for defects. Scribe if necessary. Always include one
extra sample as a witness sample for measuring the coating thickness.
2. Set clean wipes onto the ow bench, and partially ll the ultrasonic bath with water.
3. Fill the 500 ml glass beaker with 200 ml acetone
4. Fill one of the 500 ml plastic beakers with 200 ml of isopropanol and another with
methanol. Plastic beakers are used as much as possible to prevent the substrates
from chipping against a glass side while in the ultrasonic. Place solvent bottles of
isopropanol and high grade methanol next to the beakers of the same chemical.
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5. If indium foil is being used, place it into a clean glass petri dish and press one of the
samples gently onto it to give an outline to cut the foil to size. Cut carefully with
clean, sharp scissors.
6. Use the crossed tweezers to handle the samples in all the following steps. Place the
substrates carefully into the bottom of the glass beaker of acetone, then place the
beaker in the ultrasonic and run for 9 minutes.
7. Remove the samples one by one, holding them over the surface of the acetone and
spraying them with isopropanol. Place into the isopropanol beaker and run in the
ultrasonic bath for 9 minutes.
8. Remove the samples one by one, holding them over the surface of the isopropanol
and spraying them with methanol. Place into the methanol beaker and run in the
ultrasonic bath for 9 minutes.
9. Remove the samples one by one, holding them over the surface of the methanol and
rinse them with spectroscopic grade methanol.
10. Blow dry the substrates with nitrogen gas, starting with the bond surface and working
downwards. Take care not to have any methanol dry on the bond surface. Do not
point the nitrogen gun towards the solvents.
11. Evenly distribute the clean samples bond surface side up in the small glass petri dish.
Place it in a large glass petri dish and cover with a clean dry beaker, or another petri
dish that is tall enough not to touch the bond surfaces.
12. Now prepare the dilute hydrochloric acid solutions. First ll the sink with water, and
ll one beaker with extra water.
13. If thin lm indium and thicker indium foil are both being used, ll two pastic beakers
with 200 ml of RO water. If only thin lm indium is used, ll only one.
14. Label the two plastic beakers, one as 11% HCL and the other as 7% HCL.
15. Don the appropriate safety attire, acid apron over cleanroom garb, then chemical
goggles/face shield and acid gloves.
16. Fill the 50 ml beaker with 40 ml of hydrochloric acid. Close acid bottle tightly and
return to cupboard.
17. Pour 25 ml of acid into the beaker labelled 11% HCL and containing 200 ml of RO
water, to make the 11% HCL solution.
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18. Pour 15 ml of acid into into the beaker labelled 7% HCL and containing 200 ml of RO
water, to make the 7% HCL solution.
19. Cover the beaker tops tightly with foil.
20. Grip the bulk indium with tweezers and dip into the 11% HCL solution for 1 minute
to etch the indium oxide o.
21. Rinse the bulk indium in water, then with methanol. Dry with a cleanroom wipe.
22. Place in a clean glass petri dish. Cut a small piece of indium o the bulk with a scalpel,
this will be what you load into the evaporator basket.
23. The maximum indium weight that can be held in the evaporator basket and evapo-
rated without falling in one lump is around 0.3 grams. For this reason limit the bulk
indium weights to 0.28 grams maximum.
24. Measure the weight of the small indium piece on a scale that is sensitive to 0.01 grams,
placing the indium on top of a piece of cleanroom foil when weighing.
25. Repeat with a second piece, until you have two pieces of indium that don’t exceed
0.28 grams individually.
26. Wrap both pieces with cleanroom foil and transport to the evaporator along with the
clean samples.
A.2.2 Thermal deposition
1. Its possible that other metals in the evaporator can contaminate the indium layer
during deposition. So if the evaporator has been used for thermally deposited many
other metals, or if it hasn’t been cleaned in a while it is necessary to disassemble
and clean it before using it to deposit indium layers. This procedure makes use of
an Emitech K950X Evaporator. Alternatively the indium layers could be deposited
elsewhere via ion beam sputter or other approach.
2. Add two tungsen baskets to the evaporator cartridge. They should be brand new
ones, or ones used only for indium.
3. Fasten the baskets securely into place and load the indium into them.
4. Place the samples in the clean petri dish onto the base inside the evaporator.
5. Close the lid, and lower the cartridge into the top and secure it.
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6. Connect the electrodes to the left side, and turn the shutter to the left side too. The
shutter can catch any metal splatters if the indium heats up too quickly and melts in
lumps instead of evaporating.
7. Hit start and Run coating cycle.
8. Let the roughing pump start pulling vacuum for 1-2 minutes, then start the turbo
pump by hitting the middle button on the turbo pump controller followed by the left
button.
9. Wait until it has pumped down to "high" vacuum i.e. < 9푥10−4mbar.
10. Ramp the current slowly up to 18 amps. Stop for 3 seconds at 10 amp to let the demand
catch up, then ramp up 1 amp per second from 10 amps to 18 amps.
11. Pause for a few seconds at 18 amps, then open the shutter (Usually around 9 minutes
15 seconds).
12. If the basket is visible turn the current down slowly once all the indium is gone (wear-
ing goggles to protect eyes). If it is not visible wait until the timer reads 7 minutes 30
seconds and then turn the current down to zero.
13. Switch both electrodes over to the second basket.
14. Ramp the current up again, the same as before.
15. Again pause for a few seconds at 18 amps, then open the shutter (Usually around 6
minutes 30 seconds).
16. If the basket is visible turn the current down slowly once all the indium is gone (wear-
ing goggles to protect eyes). If it is not visible wait until the timer reads 5 minutes
and turn the current down to zero.
17. Once the current is turned down the turbo pump can start to wind down. Press the
left button on the turbo pump controller then the middle button to do this.
18. Once the timer has run down to zero hit stop.
19. When pumped back up to air, remove the cartridge, set aside and remove the samples.
20. Cover samples immediately and take back to the ow bench to etch and cold weld.
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A.2.3 Oxide etch and cold weld
1. Fill the ow bench sink with water and lay out three teon petri dishes on top of
new wipes. Note: this section assumes the previous steps, such as making the acid
solutions, were completed.
2. Don the appropriate safety attire, acid apron over cleanroom garb, then chemical
goggles/face shield and acid gloves.
3. If etching indium foil, ll the left most dish 2/3 full of 11% HCL. Fill the middle dish
with RO water, and the right-most dish with a small amount of high grade methanol.
4. Pick up the rst of the pre-cut indium foils with the crossed tweezers and place into
the 11% HCL solution, starting the stopwatch as the foil enters the solution.
5. Gently agitate the solution with the foil, keep it submerged for 45 seconds.
6. Remove from HCL solution at 45 seconds and quench in RO water for 10 seconds,
then leave it in the methanol bath.
7. Repeat for rest of foils.
8. Pour the 11% HCL from the petri dish into an HCL waste disposal bottle. Re-ll the
dish with 7% HCL solution. Also empty and re-ll the RO water dish.
9. Now it is time to etch the coated substrates. Grasp the rst one with tweezers and
place into the 7% HCL solution, starting the stopwatch as the substrate hits the solu-
tion.
10. Keep submerged and remove at 45 seconds.
11. Quench in RO water for 10 seconds, then in methanol for 10 more.
12. Rinse the bond surface with high grade methanol as it is removed from the methanol
petri dish.
13. Blow dry the substrate with nitrogen gas, starting with the bond surface and working
downwards. Take care not to have any methanol dry on the bond surface. Do not
point the nitrogen gun towards the solvents.
14. If using a foil, blow it dry with nitrogen also. Set the foil in the base of a clean glass
petri dish and press the indium coated sample down rmly, then set it on its side.
15. Repeat the etch for one more substrate.
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16. Align substrates and press rmly together. They are now cold welded and ready to
be either induction bonded or pressure bonded.
17. Repeat for the rest of the samples, except for the witness sample.
18. Set aside the witness sample in a clean and covered petri dish.
19. Set aside the bonded samples in a clean and covered petri dish.
20. Measure the indium layer thickness on the silicon witness sample in the EDXRF,
using the analysis group ’indium coated silicon’ and following instructions in the
manual[159].
A.3 Induction bond procedure
A.3.1 Materials List for induction bonding
Below is the list of items and equipment needed for the induction indium bond procedure.
Figure A.1 for reference.
Figure A.1: IGR induction heater setup
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1. Induction heater circuit with high frequency capability (custom built or bought, de-
tails in Chapter 7)
2. Un-insulated copper rod for coils, no less than 5 mm diameter
3. Non-metallic base material, such as ceramic or glass
4. High current power supply, should be able to provide at least 30 volts and 20 amps.
5. stopwatch
6. FLIR thermal imaging camera
A.3.2 Procedure
This procedure is optimised for 5x10x20 mm silicon samples, with indium bonds consisting
of thermally deposited indium on each silicon substrate and indium foil in the middle. The
resonant frequency of the induction heater circuit can be changed if the amount of indium
changes, details of which are in Chapter 7.
1. Collect the samples that were cleaned and cold welded together following the proce-
dures in the previous sections.
2. Set three cold welded samples equi-distant from each other on top of a 25 mm di-
ameter glass base, which should be centered on the large glass plate, referencing the
markings there.
3. Attach the appropriate working coil to the induction heater circuit and secure the
leads rmly.
4. Place three of the bonded samples in a triangle equidistant from each other on top of
the 25 mm glass discs.
5. Add or take away glass discs until the bond interface lines up with the middle of the
coil. Then lower the coil over the samples. Visually check from all sides to see that
the samples are in the middle of the coil and equi-distant apart. Make sure the metal
coil is not touching the samples or the glass base. The bond interface of the samples
should be in the same plane as the middle of the coil, here in between turns 2 and 3
of 4. The eld is strongest here and will heat most eciently.
6. Lower the other plexiglass plate over the samples. There is a glass microscope slide
on the bottom of it that the bond samples should be centered under.
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7. Carefully place the square weight onto the top of the plexiglass plate, referencing the
markings to center it. Ensure a three point contact of the weighted plate to the three
samples by tilting the weight slightly o axis. If it feels secure, add the rest of the
weights for a total of 1 kg.
8. Check that only the black lead of the circuit is plugged into the back of the power
supply unit (PSU), and turn the power supply on. If the power supply is not able to
provide enough current and voltage to the circuit when it is switched on, the transis-
tors in the circuit will not see a high enough voltage to work correctly and will start
to heat up, risking damage to the circuit [186]. To avoid this, do not connect the red
lead of the circuit to the power supply while the power supply is o.
9. Once the power supply has fully switched on check that the current is limited to
20 amps and the voltage to 35 volts.
10. Ready the stopwatch and turn on the FLIR camera. Check that the emissivity settings
of the FLIR camera match the emissivity of objects being measured, and that the
distance setting is set to match the distance that the FLIR is away from the object
being measured.
11. Take a picture of the samples at room temperature with the FLIR camera, such as in
Chapter 7, Figure 7.22 and Figure 7.26.
12. Now plug the red lead into the back of the powered on PSU. Hit start on the stopwatch
once the circuit is drawing current.
13. Let the induction heater run for 2 minutes, taking a picture of the samples with the
FLIR camera at 1 minute 30 seconds, and at two minutes. It should read a temperature
of over 160 ◦C. Occasionally point the FLIR camera towards the heater circuit as well
during operation to monitor the temperature of the circuit components. None of
them should be heating up higher than 60 ◦C.
14. Turn the power supply o at 2 minutes, then wait an additional 5 minutes before
stopping the stopwatch and slowly removing the weights.
15. Using the FLIR camera, make sure all components are cool enough to touch. Lift the
working coil o and set it down away from the bonded samples.
16. Unplug the red lead from the power supply.
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A.4 Pressure bond procedure
A.4.1 Materials List for pressure bond
Below is the list of items and equipment needed for the pressure indium bond procedure.
Reference Figure A.2 for the pressure bond set-up.
1. Motor driven strength tester with load cell, details in Chapter 7, or equivalent set-up
to provide controlled pressure
2. Bond jig to hold samples and provide heat, custom made with details in Chapter 7, or
equivalent
3. Power supply
4. stopwatch
5. multimeter
6. FLIR thermal imaging camera
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Figure A.2: Pressure bond set-up
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temperature sensors 
Pt100 (Pt1000) 
Relation Temperature vs. Resistance 
According to IEC751 / ITS-90 
P-TSIEC751/CE   2004-11-25 
ºC 
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5 
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8 
 
9 
 
10 
-200 18.52           
-190 22.83 22.40 21.97 21.54 21.11 20.68 20.25 19.82 19.38 18.95 18.52 
-180 27.10 26.67 26.24 25.82 25.39 24.97 24.54 24.11 23.68 23.25 22.83 
-170 31.34 30.91 30.49 30.07 29.64 29.22 28.80 28.37 27.95 27.52 27.10 
-160 35.54 35.12 34.70 34.28 33.86 33.44 33.02 32.60 32.18 31.76 31.34 
-150 39.72 39.31 38.89 38.47 38.05 37.64 37.22 36.80 36.38 35.96 35.54 
-140 43.88 43.46 43.05 42.63 42.22 41.80 41.39 40.97 40.56 40.14 39.72 
-130 48.00 47.59 47.18 46.77 46.36 45.94 45.53 45.12 44.70 44.29 43.88 
-120 52.11 51.70 51.29 50.88 50.47 50.06 49.65 49.24 48.83 48.42 48.00 
-110 56.19 55.79 55.38 54.97 54.56 54.15 53.75 53.34 52.93 52.52 52.11 
            
-100 60.26 59.85 59.44 59.04 58.63 58.23 57.82 57.41 57.01 56.60 56.19 
-90 64.30 63.90 63.49 63.09 62.68 62.28 61.88 61.47 61.07 60.66 60.26 
-80 68.33 67.92 67.52 67.12 66.72 66.31 65.91 65.51 65.11 64.70 64.30 
-70 72.33 71.93 71.53 71.13 70.73 70.33 69.93 69.53 69.13 68.73 68.33 
-60 76.33 75.93 75.53 75.13 74.73 74.33 73.93 73.53 73.13 72.73 72.33 
-50 80.31 79.91 79.51 79.11 78.72 78.32 77.92 77.52 77.12 76.73 76.33 
-40 84.27 83.87 83.48 83.08 82.69 82.29 81.89 81.50 81.10 80.70 80.31 
-30 88.22 87.83 87.43 87.04 86.64 86.25 85.85 85.46 85.06 84.67 84.27 
-20 92.16 91.77 91.37 90.98 90.59 90.19 89.80 89.40 89.01 88.62 88.22 
-10 96.09 95.69 95.30 94.91 94.52 94.12 93.73 93.34 92.95 92.55 92.16 
0 100.00 99.61 99.22 98.83 98.44 98.04 97.65 97.26 96.87 96.48 96.09 
            
0 100.00 100.39 100.78 101.17 101.56 101.95 102.34 102.73 103.12 103.51 103.90 
10 103.90 104.29 104.68 105.07 105.46 105.85 106.24 106.63 107.02 107.40 107.79 
20 107.79 108.18 108.57 108.96 109.35 109.73 110.12 110.51 110.90 111.29 111.67 
30 111.67 112.06 112.45 112.83 113.22 113.61 114.00 114.38 114.77 115.15 115.54 
40 115.54 115.93 116.31 116.70 117.08 117.47 117.86 118.24 118.63 119.01 119.40 
50 119.40 119.78 120.17 120.55 120.94 121.32 121.71 122.09 122.47 122.86 123.24 
60 123.24 123.63 124.01 124.39 124.78 125.16 125.54 125.93 126.31 126.69 127.08 
70 127.08 127.46 127.84 128.22 128.61 128.99 129.37 129.75 130.13 130.52 130.90 
80 130.90 131.28 131.66 132.04 132.42 132.80 133.18 133.57 133.95 134.33 134.71 
90 134.71 135.09 135.47 135.85 136.23 136.61 136.99 137.37 137.75 138.13 138.51 
            
100 138.51 138.88 139.26 139.64 140.02 140.40 140.78 141.16 141.54 141.91 142.29 
110 142.29 142.67 143.05 143.43 143.80 144.18 144.56 144.94 145.31 145.69 146.07 
120 146.07 146.44 146.82 147.20 147.57 147.95 148.33 148.70 149.08 149.46 149.83 
130 149.83 150.21 150.58 150.96 151.33 151.71 152.08 152.46 152.83 153.21 153.58 
140 153.58 153.96 154.33 154.71 155.08 155.46 155.83 156.20 156.58 156.95 157.33 
150 157.33 157.70 158.07 158.45 158.82 159.19 159.56 159.94 160.31 160.68 161.05 
160 161.05 161.43 161.80 162.17 162.54 162.91 163.29 163.66 164.03 164.40 164.77 
170 164.77 165.14 165.51 165.89 166.26 166.63 167.00 167.37 167.74 168.11 168.48 
180 168.48 168.85 169.22 169.59 169.96 170.33 170.70 171.07 171.43 171.80 172.17 
190 172.17 172.54 172.91 173.28 173.65 174.02 174.38 174.75 175.12 175.49 175.86 
Pt1000 = Pt100 x 10 
 
Figure A.3: Resistance to temperature
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A.4.2 Procedure
Below is the list of tasks to preform to complete the pressure bond procedure.
Refer to Chapter 7 for more details.
1. Collect the samples that were cleaned and cold welded together following the proce-
dures in the previous sections.
2. Set three cold welded samples equi-distant from each other in the bond jig.
3. Lower the metal plate down until it touches the top of the samples.
4. Center the bond jig base over the large dowel pin in the bottom of the strength tester.
5. Attach the thermistor leads to a multimeter, and the power resistor leads to the power
supply. The power supply should provide 60 volts.
6. Lower the load cell foot until it just touches the top of the metal jig plate.
7. Zero the load cell readout and run the strength tester motor until it reads 20 kgs of
pressure on the three samples, which corresponds to 1.25 MPa for three samples each
having a bond surface area of 5 mm by 10 mm.
8. As the metal jig heats up the pressure will also increase due to the thermal expansion
of the metal jig. If the load cell initially reads 20 kgs, after one hour it increases to
around 32 kgs. The load cell will overload at 34 kgs in compression, if it reaches this
point during the bonding procedure the motor can be used to back the foot o to
32 kgs or lower.
9. Turn on the power supply.
10. The temperature will ramp up until it reaches 135C, at which point it should be held
there for an additional 30 minutes to form a diusion bond between the cold welded
indium layers.
11. Record the thermistor values every ve to ten minutes, turning the voltage down
if necessary to keep the temperature around 135 ◦C. This usually takes about an
hour. Typically achievable bond temperature ramp curves are shown in Chapter 7 in
Figure 7.9.
12. Turn the power supply o.
13. . Leave the set-up for an hour or two to cool down while still under pressure.
14. Use the motor to lift the load cell o and away from the bond jig.
15. Lift the top plate of the bond jig and remove the bonded samples.
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Appendix B
Solving the compressional wave
equation in a bonded cylinder
In order to express the amount of energy stored in a hydroxide catalysis bond, the compres-
sional wave equation is solved in this Appendix. The example of a bonded bar resonating
in its fundamental longitudinal mode is used here. This bar is dened as having cross sec-
tional area S, and total length L, with a bond layer of thickness b << L in the middle.
The origin of the x-axis is dened to be in the centre of the bond layer, as in Figure B.1. As
Figure B.1: Schematic of bonded bar, where region 1 is the bar and region 2 is the bond layer.
the bar resonates in its fundamental frequency it can be understood as undergoing simple
harmonic motion. Thus a point on the mass at a position x can be described as undergoing
displacement Ψ(푥) = 퐴 sin(푘푥).
Displacement in the two regions dened in Figure B.1 can be expressed with the following
solutions.
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Possible solutions
Region 1: Ψ1 = 퐴1 sin
(
푘1푥 + Φ
)
(B.1)
Region 2: Ψ2 = 퐴2 sin
(
푘2푥
)
(B.2)
Applicable boundary conditions
A at 푥 = 0→ Ψ2 = 0
B at 푥 = −퐿
2
→ 휕Ψ1
휕푥
= 0
→ 휕Ψ1
휕푥
= 퐴1푘1 cos
(
푘1푥 + Φ
)
= 0
→ −푘1
퐿
2
+ Φ = −휋
2
or 푘1
퐿
2
− Φ = 휋
2
C at 푥 = − 푏
2
→ Ψ1 = Ψ2
→ 퐴1 sin
(
푘1푥 + Φ
)
= 퐴2 sin
(
푘2푥
)
→ 퐴1 sin
(
−푘1
푏
2
+ Φ
)
= 퐴2 sin
(
−푘2
푏
2
)
D 퐸1
휕Ψ1
휕푥
= 퐸2
휕Ψ2
휕푥
→ 퐸1퐴1푘1 cos
(
−푘1
푏
2
+ Φ
)
= 퐸2퐴2푘2 cos
(
−푘2
푏
2
)
Using boundary condition C, the relationship between the wave amplitudes 퐴1 and 퐴2 can
be found, where 퐸1퐴1푘1 = 퐸2퐴2푘2. Considering the wave numbers,
푘1 =
휔
푣1
& 푘2 =
휔
푣2
, (B.3)
with angular frequency 휔 and speed 푣1 and 푣2,
푣1 =
√
퐸1
휌1
& 푣2 =
√
퐸2
휌2
, (B.4)
where 퐸1 and 퐸2 are the Young’s moduli, and 휌1 and 휌2 are the densities of region 1 and
region 2 respectively. It should be noted that since this is a compressional wave in solely
the longitudinal direction, its speed depends on only the Young’s modulus and density of
the material. In the case where there are shear wave components, the shear modulus must
be used instead of the Young’s modulus. The shear modulus includes the Poisson ratio of
the material, in addition to the Young’s modulus.
The amplitude coecient in the bond layer, 퐴2, now yields the following relationship,
퐴2 = 퐴1
퐸1푘1
퐸2푘2
→ 퐴2 = 퐴1
퐸1
퐸2
√
퐸2휌1
퐸1휌2
= 퐴1
√
퐸1휌1
퐸2휌2
. (B.5)
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which is used in the next section.
Energy in the bond layer and the substrate
The energy , Δ퐻 , in both regions of the bar can be calculated from
Δ퐻 = 1
2
퐸푆
(휕Ψ
휕푥
)2
훿푥 (B.6)
where the bar has cross sectional area 푆 , and the change in length of an element 훿푥 is
1
2
(
휕Ψ
휕푥
)2
훿푥. It follows that
Δ퐻 = 1
2
퐸2푆퐴
2
2푘
2
2 cos
2 (푘2푥) d푥, (B.7)
and expanding the cosine squared term using cos2(푘푥) = 1+cos(2푘푥)
2
gives the following form
Δ퐻 = 1
2
퐸2푆퐴
2
2푘
2
2
1
2
(
1 + cos
(
2푘2푥
))
d푥. (B.8)
In the bond layer region, of thickness 푏
2
the energy can be derived as
Δ퐻layer =
1
4
퐸2푆퐴
2
2푘
2
2 ∫
푏
2
0
1 + cos
(
2푘2푥
)
d푥 = 1
4
퐸2푆퐴
2
2푘
2
2
[
푥 +
sin
(
2푘2푥
)
2푘2
] 푏
2
0
. (B.9)
Using the approximation for small angles where sin (휙) ≈ 휙, it can be seen that sin(2푘2푥)
2푘2
≈ 푥.
Thus the following equation is derived for the amount of energy stored in a half of a bond
layer of thickness b
Δ퐻layer =
1
4
퐸2푆퐴
2
2푘
2
2 [2푥]
푏
2
0 =
1
4
퐸2푆퐴
2
2푘
2
2푏. (B.10)
Analogous to the above derivation, it is possible to derive the total energy in the bar. As
before it holds that
Δ퐻total =
1
4
퐸1푆퐴
2
1푘
2
1 ∫
퐿
2
0
1 + cos
(
2푘1푥
)
d푥 = 1
4
퐸1푆퐴
2
1푘
2
1
[
푥 +
sin
(
2푘1푥
)
2푘1
]퐿
2
0
, (B.11)
where 퐿∕2 is half the bar length. As sine oscillates between -1 and 1, and the values for the
wave number 푘1 are usually large, it can be approximated that
sin(2푘1푥)
2푘1
= 0. This gives the
energy in the bar as
Δ퐻total =
1
4
퐸1푆퐴
2
1푘
2
1 [푥]
퐿
2
0 =
1
4
퐸1푆퐴
2
1푘
2
1
1
2
퐿. (B.12)
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The ratio of energy in the bond layer to energy to the total energy in the bar can be calcu-
lated to
Δ퐻layer
Δ퐻total
=
1
4
퐸2푆퐴22푘
2
2푏
1
4
퐸1푆퐴21푘
2
1
1
2
퐿
. (B.13)
Substituting the argument of the wave amplitude in region two, 퐴2, with the expression
found in Eq. B.5 now yields the ratio of energy stored in a thin bonded layer of thickness b
in a rod of length L as
Δ퐻layer
Δ퐻total
=
2푏퐸1
퐿퐸2
. (B.14)
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